Resistance Screening and Association Mapping for Resistance to the Downy Mildew Pathogen of Spinach by Olaoye, Dotun
University of Arkansas, Fayetteville 
ScholarWorks@UARK 
Graduate Theses and Dissertations 
5-2021 
Resistance Screening and Association Mapping for Resistance to 
the Downy Mildew Pathogen of Spinach 
Dotun Olaoye 
University of Arkansas, Fayetteville 
Follow this and additional works at: https://scholarworks.uark.edu/etd 
 Part of the Agricultural Science Commons, Agronomy and Crop Sciences Commons, Horticulture 
Commons, Molecular Biology Commons, and the Plant Pathology Commons 
Citation 
Olaoye, D. (2021). Resistance Screening and Association Mapping for Resistance to the Downy Mildew 
Pathogen of Spinach. Graduate Theses and Dissertations Retrieved from https://scholarworks.uark.edu/
etd/4107 
This Thesis is brought to you for free and open access by ScholarWorks@UARK. It has been accepted for inclusion 
in Graduate Theses and Dissertations by an authorized administrator of ScholarWorks@UARK. For more 
information, please contact scholar@uark.edu. 




A thesis submitted in partial fulfillment 
of the requirements for the degree of 
Master of Science in Horticulture 
by 
Dotun Olaoye 
Federal University of Agriculture, Abeokuta. Nigeria 




University of Arkansas 
 
 














James Correll, Ph.D. Margaret Worthington, Ph.D. 
Thesis Co-director Committee Member 
Abstract 
 
Spinach is an important cool leafy vegetable cultivated around the world, with large scale 
production in California and Arizona in the U.S. Spinach is a highly nutritious vegetable 
beneficial in the human diet. Spinach is affected by a number of biotic stressors. Downy mildew, 
caused by the oomycete pathogen Peronospora effusa, is a major threat to spinach as it affects 
the leaf quality and impacts the economic value of spinach. Several efforts have led to the 
development of resistant genotypes/cultivars to this pathogen. However, few studies have 
examined the genetics of resistance to the downy mildew pathogen in detail. This study aimed at: 
(1) evaluating a hybrid and a biparental (F2) population for incomplete dominant resistance and 
complete dominant resistance respectively, at the RPF3 locus to Pfs race 5, (2) evaluating 39 
contemporary commercial cultivars for resistance to race 19 (isolate UA2020-01E), and (3) 
evaluating and conducting an association analysis for resistance to the downy mildew pathogen, 
Pfs race 5 in a diverse spinach panel comprising of 251 genotypes. The results from the studies 
indicated that resistance conferred against Pfs race 5 when resistance alleles are present in 
heterozygous condition is complete and segregates as a single gene. Thus, resistance is conferred 
by a single gene, or few genes tightly linked at the RPF3 locus. Resistance to race 19 (isolate 
UA2020-01E) is conferred by resistance gene at the RPF3 locus, but some genotypes lacking 
resistance at the RPF3 locus were resistant to race 19 indicating resistance is conferred at a locus 
that has not been identified or named. Genotypes in the association panel highly resistant, 
intermediate in resistance, or highly susceptible to Pfs 5 were indentified and several SNP 
markers (including chr3_2019852, chr3_484345 and chr3_486179 found on chromosome 3) 
were identified and were highly associated with resistance to Pfs 5. Further (ongoing) analysis 
such as haplotype and candidate gene analysis will provide more information on the genetics of 
resistance to Pfs race 5 as revealed by this association analysis. The potential characterization of 
resistant alleles, identification of genes providing resistance, and further dissecting the 














©2021 by Dotun Olaoye 
All Rights Reserved 
Acknowledgements 
 
I would like to express my special appreciation to my advisor, Dr. Ainong Shi for giving 
me the opportunity to work with him on this research and for being an amazing advisor. I 
appreciate your indefatigable support throughout my program and thank you for being a father to 
me. I am also grateful to Dr. James Correll for the excellent support and tutelage which has also 
contributed to my professional development. I would also like to thank Dr. Margaret 
Worthington (thesis committee member) and Dr. Burt Bluhm for helping me navigate the tough 
period of my program. I appreciate all your constructive comments and suggestions which has 
shaped my knowledge and improved me professionally. In the same vein, I would like to 
appreciate Dr. Chunda Feng for all his support and helpful suggestions on my thesis especially 
on troubleshooting. 
 
I would also like to appreciate Dr. Wayne Mackay (Head of Horticulture), Dr. Ken Korth 
(Head of Entomology and Plant Pathology) and Dr. Douglas Karcher for their amazing support 
throughout my program. Special appreciation to Cindy Kuhns and Jo Salazar for being so helpful 
on academics and related issues. I appreciate the warm reception you extended to me when I 
joined the department. 
 
Similarly, I would like to thank Dr. Gehendra Bhattarai for his excellent support since the 
beginning of my program. I deeply appreciate all your input on my career professionally and as a 
person despite the tough times we shared. My sincere appreciation to Dr. Waltram Ravelombola 
for his excellent support, care and training throughout my entire program. I would also like to 
thank all the laboratory members of the Vegetable Breeding and Pathology Program of the 
University of Arkansas. Fayetteville. 
Finally, I would like to thank my late dad for being a great father. Many thanks to my 
mother, siblings and their families for the great support, Special thanks to my beloved partner 
Ayooluwa Ilesanmi for her wonderful support despite the huge distance. I appreciate Mr. and 
Mrs. Omolewu, Pastor Sam Adelusimo and the entire Chapel of Praise family, Redeemed 




This thesis is dedicated to: 
 
• The Almighty God 
 
• My late Dad: a-kàn-mú 
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Chapter 1. Introduction and literature review 
Spinach production 
Spinach (Spinaciae oleracea) is an important leafy green flowering plant native to central 
 
and western Asia, and became a popular and important leafy vegetable in Europe in the 15th 
century owing to its availability especially during early spring when other vegetables were scarce 
and when dietary restrictions discouraged consumption of other foods (George 2009). Spinach 
cultivation in the U.S. began during the 19th century. S. oleracea is a diploid plant (2n = 12) 
though triploid and tetraploid cultivars are also known (Nešković and Ćulafić 1988). The U.S. 
follows China in the global market with China producing at least 90% of global production 
(FAOSTAT 2019). In the U.S., the bulk of fresh market spinach production is dominated by 
states such as California, Arizona, New Jersey and Texas (USDA-NASS 2019). The acreage 
cultivated for spinach in the U.S. covers approximately 61,000 ha, with over 6,000 ha in 
California’s Salinas valley alone (USDA-NASS 2019). The spinach growing regions in 
California are suitable for production owing to the cool winters and mild summers (Koike et al. 
2011). 
Spinach is an important leafy vegetable in terms of production, consumption, and 
economic value (Correll et al. 2011; van Deynze 2014). Spinach leaf morphology can vary from 
savoy (crinkled), semi-savoy, and flat-leafed types. Although spinach contains a relatively large 
amount of oxalic acid which affects both taste and human health (Jaworska 2005; Mou 2008), it 
is considered as one of the healthiest vegetables in the human diet owing to its high 
concentration of nutrients and health-promoting compounds, such as beta carotene, lutein, folate, 
vitamin C, calcium, iron, among others (Shi et al. 2016a). Over many years, consumer demand 
has shifted toward fresh-market produce (especially organically-produced) especially in the past 
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four decades owing to a perceived interest in a healthy diet, which would impact health status, 
and this has caused an overall rise in consumption of green vegetables in the U.S. and worldwide 
(USDA-NASS 2019) 
Genetic diversity in spinach 
 
Plant breeding programs rely largely on variation/genetic diversity available in genetic 
resources or crop germplasm as this allows for proper cultivar/breeding line development. 
Genetic diversity as resource, has enabled plant breeders to improve several traits in crops 
including maize (Zhang et al. 2016) and soybean (Li et al. 2008). Principal component analysis 
(PCA) is a useful tool in genetic diversity studies as it helps with delineation of existing 
population structure in a germplasm (Price et al. 2006; Mohammadi and Prasanna 2003). 
Principle components derived could be interpreted as relating to separate, unobserved 
subpopulations from which individuals in a dataset originated (Mohammadi and Prasanna 2003). 
Studies have revealed the genetic base of spinach to be narrow. For example, Khattak et al. 
(2006) investigated the genetic diversity of 33 spinach hybrid cultivars, from seven different 
breeding stations across the world, using 13 SSR markers. The results showed that the spinach 
hybrids were grouped into three clusters; the first two of the three clusters consisted of European 
spinach types, which were well discriminated according to their origin from different breeding 
stations; the third cluster was a mixture of Asian as well as European types of spinach; and the 
subclusters in the third group did not reflect differences in morphology, earliness or company 
origin. Similarly, Kuwahara et al. (2014) reported a similar result when they assessed the genetic 
diversity in 50 spinach germplasm accessions collected from geographically diverse regions of 
West Asia, East Asia, Japan, Europe and the U.S. using SSR markers and found the genetic 
diversity to be affected by geographical regions. Also, a similar study by Ebadi-Segheloo et al. 
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(2014) on 121 spinach landraces collected from the various spinach growing areas of Iran, 
revealed variation according to the results obtained from the six clusters generated using several 
agro-morphological traits such as leaf area, leaf width, petiole length, petiole diameter, seed 
yield and 1000-seed weight. More recently, Shi et al. (2017) used single nucleotide 
polymorphism (SNP) markers generated by genotyping-by-sequencing (GBS) to examine 343 
spinach genotypes including 268 accessions from United State Department of Agriculture 
(USDA) spinach germplasm collection, 45 commercial (F1) hybrids and 30 Arkansas spinach 
lines for population structure and genetic diversity. Their results revealed that Arkansas spinach 
germplasm had a narrow genetic background compared to the global germplasm. Further, they 
categorized the entire panel under study into two major clusters with few uncategorized 
genotypes described to be having admixed ancestry. Another investigation into the diversity of 
spinach (Xu et al. 2017) revealed the genetic diversity among 120 cultivated and wild spinach 
accessions including 107 cultivated S. oleracea and 13 wild accessions (5 S. tetrandra and 
8 S. turkestanica) based on transcriptome sequence data and found that the 120 spinach 
accessions were clustered into three major groups: the first group consisted 
of S. turkestanica and S. tetrandra accessions; the second group contained cultivars from East 
Asia, Chinese commercial varieties and two cultivars from Pakistan and Russia; and the third 
group included cultivars from Central/West Asia, Europe, North America and Africa, as well as 
the remaining commercial cultivars. The results from these recent investigations (Shi et al. 2017; 
Xu et al. 2017) which took advantage of the latest technological advancement, has provided 
more information for improved delineation of the diversity existing in the spinach global 
germplasm. Based on the diversity studies, it is established that spinach has a narrow genetic 
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base and this can impact its potential manipulation for traits improvement especially disease 
resistance like downy mildew. 
The increasing cultivation of spinach in the U.S. and the world, coupled with climatic 
ecological changes causes many devastating effects on the productivity of spinach, from poor 
seedling development to serious disease infestation (Correll et al. 2011; Inaba et al. 1983). Thus, 
the need for a sustainable solution which will protect the plant from various biotic and abiotic 
stresses to meet the demands of the growing population is critical. As common with every crop, 
diseases caused by fungi, bacteria, and viruses have been known to impose substantial 
production constraints on both the yield and the total quality of spinach (Correll et al. 1994). 
Among the various diseases (downy mildew, white rust, Fusarium wilt, Verticillium wilt, and 
leaf spots) affecting spinach, downy mildew contributes the major economic loss (Correll et al. 
1994). The reduction in quality and quantity limits the potential usage of spinach, ultimately 
hampering food value and affecting fresh supplies for the industry (Correll et al. 2011). Since the 
first report of the causal pathogen (Peronospora effusa) association with spinach (Greville 1824), 
farmers/producers have faced difficulty controlling/managing the devastating disease incited by 
the oomycete pathogen. Unfortunately, the intensive and consistent cultivation of spinach keeps 
putting huge selection pressure on the pathogen, causing the rapid evolution of the pathogen and 
resulting in development of new race(s)/deviating strains that often overcome the deployed 
resistance (Correll et al. 2011; Feng et al. 2014). 
Downy mildew and Peronospora effusa 
 
Oomycetes are eukaryotes known to elicit several destructive diseases in plants (Beakes 
et al. 2012). Downy mildew of spinach is caused by the biotroph oomycete, Peronospora effusa 
(Peronospora farinosa f. sp. spinaciae (Pfs)) which belongs to the order, Peronosporales. It 
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drastically decreases both the quantity and quality of spinach production worldwide (Correll et 
al. 2011; Klosterman 2016; Koike et al. 2011). There are many races of downy mildew which 
affects spinach in Europe and the U.S. (Correll et al. 2011). While spinach has many close 
relatives (Chenopodium quinoa) in the sub-family, Chenopodiaceae, Pfs infects only spinach 
(Choi et al. 2007). Its first association with spinach was first reported in 1824 with the first 
physiological race observed in Texas and California (Greville 1824; Smith 1950; Smith et al. 
1961; Smith et al. 1962). The rapid evolution of the Pfs races constitutes a huge threat to the 
spinach industry. A total of nineteen unique races of Pfs have been documented so far (Feng et 
al. 2018a; Feng et al. 2021). 
Peronospora effusa reproduction and disease symptoms 
 
The mode of reproduction in Pfs is sexual (via formation of thick-walled oospores) and 
asexual via the production of sporangia (capable of germinating directly) which are formed on 
branched sporangiophores. Pfs is described to exhibit heterothallism owing to mating 
compatibility existing in its reproductive system (Inaba and Morinaka 1984). The presence of 
opposite mating types in spinach growing regions poses a serious threat to spinach production as 
there is no limit to the amount of novel Pfs genotypes that can be produced via sexual 
recombination, and this can potentially introduce unique new Pfs races (Dhillon et al. 2020; Van 
Asch and Frinking 1998). The sporangia, dispersed by rain splash and wind, can germinate upon 
landing on young, receptive healthy leaves. The oospores can overwinter on dead spinach plants 
(Correll et al. 1994). Cool and wet weather condition favors germination and growth of 
sporangia and this makes downy mildew a prevalent disease in spinach fields (Kandel et al. 
2019; Klosterman 2016; Richards 1939). Downy mildew symptoms first appear as pale 
yellowish spots with a gray to purple downy growth on leaf undersurface. This downy growth is 
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most apparent during wet weather. Infections may be scattered or numerous, but individual 
lesions often coalesce. Symptoms may begin with slightly yellow, irregular chlorotic lesions 
appearing on cotyledons and leaf surface at 7 to 10 days following inoculation. Sporangia form 
in the later stage of disease progression under high humidity. The sporangia appear blue-gray 
thus the name ‘blue mold’. Disease lesions usually turn white or tan and can dry out under dry 
weather conditions (Correll et al. 1990; Correll et al. 1994) 
Environmental conditions 
 
Certain conditions are known to impact the optimal growth and sporulation of P. effusa 
on spinach (Choudhury et al. 2016). Cook (1937) reported an optimal temperature (10-15˚C) 
suitable for P. effusa spore germination though another report indicated that the spores could 
germinate even at temperature elevations up to 30˚C (Frinking et al. 1981). P. effusa typically 
requires free moisture to remain active and infect spinach plants. Until recently, how the 
pathogen respond under dry condition remained elusive. A study (Dhillon et al. 2020) aimed at 
investigating how dessication affects sporangiospore survival and infection efficiency as well as 
oospore production and germination, revealed the role of free moisture on the biology of the 
downy mildew pathogen. Their result clearly showed that dry conditions such as dessication can 
drastically reduce P. effusa spore germination and viability. In the study, a 4-hour-dessication 
period was shown to be enough for the disruption of biological activities in P. effusa. Light 
quality and quantity effects on growth and sporulation of downy mildew pathogens have been 
investigated with overall light quality and quantity implicated in the regulation of different 
processes in oomycetes, especially sporulation and infection (Cohen et al. 2013; Wang et al. 
2017). Downy mildew pathogens have been known to be affected by specific spectra of light. 
Some oomycetes, like the ones associated with basil, are affected by red light (Cohen et al. 
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2013). Some, like Phytophthora species, are affected by blue light (Cohen et al. 1975; Cohen 
1976; Cohen and Eyal 1977). To understand how P. effusa is affected by temperature, light 
quality and quantity, Choudhury and McRoberts (2018) exposed P. effusa sporangia to different 
temperatures and lighting conditions in an in vitro assay. They found that temperature and light 
variables did not have any significant effect on spore germination (on the isolates tested) but 
rather suggest that virulence of P. effusa may have been boosted due to the availability of many 
susceptible spinach cultivars. 
Downy mildew disease management 
 
Pests and diseases can be managed effectively using a combination of chemical, cultural 
practices and resistant cultivars in an integrated pest management design. When fungicides and 
host resistance are combined, it can help in ensuring a satisfactory level of production without 
huge loss due to P. effusa (Correll et al. 2015). Cultural methods of prevention are primarily 
practices that are implemented by farmers/growers. Several chemicals (mostly copper-based) are 
used to control downy mildew in spinach. However, the deleterious effect of most of these 
copper-based fungicides often causes damage to the leaves by altering plant physiology and can 
impact human health and the environment (Petit et al. 2012). Thus, there is a need for an 
effective and sustainable solution, and host genetic resistance is the most promising and efficient 
approach to control plant disease. 
Host plant resistance 
 
Plants have evolved various mechanisms to resist invasion by pathogenic organisms over 
the years. Plant scientists have since harnessed the various resources (desired genes/traits, 
especially disease resistance) in wild plant species. Several plant disease resistance genes from 
wild plant species have been stacked into landraces and desired cultivars. Generally, most 
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disease resistance genes are transferred via gene introgression and/or pyramiding. Host genetic 
resistance is generally divided into qualitative and quantitative resistance. Qualitative resistance 
is a type of resistance conferred against a particular race of pathogen and is controlled by one 
gene (R) while quantitative resistance is non-race specific and controlled by multiple genes with 
minor effects (Correll et al. 2011; Eenik 1974; Irish et al. 2008; Smith 1950). Qualitative 
resistance is primarily responsible for the near-complete resistance to a particular race of a 
pathogen through all stages of growth in the plant (Gururani et al. 2012). This conforms to the 
gene-for-gene model existing in plant-pathosystem according to Flor (1971), which follows that 
for every resistance gene in the host plant, there is a corresponding avirulence (Avr) gene in the 
pathogen. When there is a reaction between the resistance gene of the plant and the avirulence 
gene of the pathogen, signaling occurs, and resistance is triggered; otherwise, resistance will not 
be triggered. This advantage can be linked to the adoption of qualitative resistance over the years 
by breeders though pathogens tend to overcome it eventually over many seasons of intensive 
cultivation that might have subjected the pathogen to high selection pressure. The adoption of 
resistant cultivars for managing the devastating disease has been the major mitigating tool for 
combating the downy mildew pathogen (P. effusa) in spinach (Correll et al. 2011). 
Qualitative resistance 
 
Qualitative resistance in spinach has been greatly explored to control P effusa though 
how the resistance is conferred is not really clear. Many resistant hybrids have been developed 
via major resistance gene deployment from identified sources (Correll et al. 2011). Most of the 
resistant genotypes or cultivars are known to contain single resistance gene(s) at the major 
putative loci against known race(s) of the downy mildew pathogen (Correll et al. 2011). Several 
major resistance genes have been cloned in many plant species, and they can be generally 
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divided into seven classes based on their amino acid motif organization and membrane-spanning 
domains (Gururani et al. 2012). The largest class consists of NBS-LRR genes, which contain a 
nucleotide-binding site (NBS) and a leucine-rich repeat (LRR) domain (Young 2000). NBS-LRR 
genes in plants are typically divided into two groups according to their N-terminal domains, one 
is the TIR group genes that are composed of an N-terminal domain having homology to the 
intracellular domain of the Drosophila melanogaster Toll and mammalian interleukin-1 
receptors, and the other group of genes code for the CC (coiled-coil) domain (Gururani et al. 
2012). In Arabidopsis thaliana, approximately 200 genes are known to encode proteins with 
similarity to the nucleotide-binding site and other domains characteristic of plant resistance 
proteins, of which 149 are NBS-LRR proteins (Meyers et al. 2003). Spinach is estimated to have 
around 139 NBS-LRR genes (Xu et al. 2017). The potential identification and cloning of 




In contrast to qualitative resistance, quantitative resistance is known largely to be non- 
race specific and has great potential as a durable resistance approach. It is governed by multiple 
genes with small effect; which together provides genetic resistance (Gururani et al. 2012; Jones 
and Dangl 2006). A form of basal defense (PAMP-triggered immunity) is known to confer 
quantitative resistance to broad-spectrum pathogens in plants (Gururani et al. 2012). In 
Arabidopsis-Botrytis pathosystem, the level of camalexin correlated with quantitative disease 
resistance based on a biochemical study where camalexin sensitivity/responses in different 
pathogen contributed to isolate specificity (Denby et al. 2004; Kliebenstein et al. 2005), 
indicating that quantitative resistance loci may be related to the production of anti-pathogen 
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chemicals like salicylic acid. Likewise, activation of the jasmonic acid (JA) and ethylene- 
dependent signaling pathways strengthen plant defense responses to necrotrophs (Pieterse et al. 
2009; Thomma et al. 2001). Although quantitative resistance lacks race specificity, it has a huge 
advantage over qualitative resistance, especially in the field. The pyramiding of several genes 
and/or loci into a breeding material often gives a significant resistance (Singh et al. 2001; Singh 
et al. 2012). This type of resistance does not follow the gene-for-gene model, which means there 
is no host and pathogen gene interaction. Without this interaction, the pathogen cannot easily 
overcome the host’s defenses; making this type of resistance more durable though the resistance 
mechanisms are mainly unknown (Vanderplank 1984). To produce a better and sustainable 
resistance that would control many existing P. effusa races and other potential races, the use of 
resistance mediated by multiple genes remains a sustainable option. However, the governing 
genes/loci frequently have small effects on their own, which makes it difficult for researchers to 
properly identify and locate (Keane 2012). A challenge with this type of resistance is that even 
after combining these genes, they usually do not confer complete resistance as found in 
qualitative. Often, there is an intermediate (partial) resistance response, which is still very 
beneficial but not usually notable as in qualitative resistance. (Vanderplank 1984). However, the 
combination of multiple genes/loci has huge potential for good resistance conferment and can be 
expected to confer immunity on a plant that would have normally been infected. This 
phenomenon is simply termed polygenic resistance/field resistance as it involves the 
combination of two or more genes in the deployment of resistance which is usually non-race 
specific (Goode et al. 1988; Parlevliet 1979; Parlevliet 2002). 
 
Brandenberger et al. (1991) reported a pattern of quantitative resistance (observed on true 
leaves) to race 3 of P. effusa in some Arkansas cultivars and breeding lines while testing several 
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isolates on differentials to identify the new race which was devastating at the time and would 
later be designated race 4. They demonstrated the first usage of cotyledons and true leaves for 
quantitative resistance evaluation to P. effusa in spinach. They found that some Arkansas 
cultivars and breeding lines exhibited polygenic resistance in that they showed susceptibility in 
their cotyledons but intermediate reaction in their true leaves. Particularly, the Arkansas cultivar, 
Fall Green and two other breeding lines (86-70 and 88-117) showed high disease incidence on 
cotyledon when inoculated with race 3, similar to the known susceptible cultivar/lines (such as 
Grandstand, Indian Summer, and others). The overall mean disease incidence observed on their 
true leaves was however significantly lower (<84%) than their susceptible counterpart in three 
independent inoculations assays. In a similar field inoculation study, Brandenberger et al. (1994) 
found five Arkansas cultivars and breeding lines including the previously mentioned lines and 
Ozarka II, to show intermediate reaction during several field test. They had screened for 
resistance to white rust and downy mildew in the Arkansas breeding lines and cultivars and 
found that some Arkansas lines exhibited a level of resistance other than that observed in 
susceptible lines to race 3 and 4. They found that the mean incidence on true leaves at each 
inoculation test was different and attributed the response to a number of factors including 
incubation temperature, latent period, inoculum concentration and plant nutritional status. More 
recently, Irish et al (2003) evaluated several differentials and cultivars for resistance to race 5, 6 
and 7 of P. effusa in two independent experiments. Their result also showed that some spinach 
lines exhibited quantitative resistance (cotyledon infection but intermediate reaction on true 
leaves) and not the traditional single-gene resistance which is qualitative. They found at least 
eight cultivars to have lower disease incidence/severity compared to the susceptible lines in the 
differentials considered. The confirmation of hypersensitive response or incomplete resistance in 
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spinach to the downy mildew pathogen provided more insight on the resistance architecture and 
created a new line of research focus whereby attention is also given to quantitative resistance 
characterization (Correll et al. 2011). 
Genomic resources for molecular breeding 
 
With recent technological developments, especially the Next-Generation Sequencing 
(NGS) approach, there are many types of DNA sequencing technologies available for genetic 
investigations. These technologies are not only changing genome sequencing approaches and the 
associated timelines and costs but also accelerating and altering a wide variety of types of 
biological investigations (Kircher and Kelso 2010). Some genotyping methods include; 
restriction fragment length polymorphism (RFLP) of genomic DNA, random amplified 
polymorphic detection (RAPD) of genomic DNA, amplified fragment length polymorphism 
detection (AFLP), polymerase chain reaction (PCR), single nucleotide polymorphism (SNP) 
derived via genotyping-by-sequencing (GBS), allele-specific oligonucleotide (ASO) probes, and 
hybridization to DNA microarrays or beads. Genotyping is important in research of genes/loci 
and gene variants associated with disease especially in plants. With the advantages of abundance, 
cost-efficiency, and high-throughput assays, molecular markers have become increasingly 
important in crop genetic studies (Poland and Rife 2012), such as association mapping and 
genomic selection (Allwright and Taylor 2016; Cavanagh et al. 2013). Currently, the most 
popular high throughput genotyping platforms are the hybridization-based SNP array and various 
NGS enabled genotyping such as GBS, which refers to any method that adopts sequencing to 
obtain genotypes (Elshire et al. 2011; Poland and Rife 2012; Scheben et al. 2017). Although not 
efficient in terms of genome depth coverage and missing data generated, GBS has been 
successfully utilized in crop species mainly due to the rapid developments of sequencing 
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technologies, increasing read length, and more available reference genomes (Rasheed et al. 
2017). More recently, a sequencing approach (whole genome resequencing) which takes 
advantage of the recently published draft and/or complete genome of several crops, allows for 
improved discovery of a large number of SNPs across the genome of any targeted crop provided 
the crop has a published (draft/complete) genome. This advantage improves marker-trait 
association study for any trait of interest (Gramazio et al. 2019) and will aid breeding for 
resistance to downy mildew pathogen in spinach. Also, the recently available genomic resources 




Genetic linkage mapping based on biparental populations has been adopted for detecting 
loci, variants, or alleles contributing large and minor effects for traits of interest in crops 
(Würschum 2012; Young 1996). Individuals having contrasting characteristic for the traits of 
interest are crossed. Resulting progenies are then self-pollinated or cross pollinated depending on 
the genetics of the crop and/or the biological investigation being undertaken. The resulting 
progenies can then be advanced for several generation (F2, F2:3, F3, etc.). Phenotypic data 
obtained via the analysis of segregation of resistance from progeny and data derived from 
genotyping are then used for quantitative trait locus/loci (QTL) detection via statistical models 
embedded in QTL analytical tools (Collard et al. 2005). Though this mapping approach has 
limitation (low resolution) in that it typically localizes QTLs to few genetic distances due to low 
recombination events in the mapping population usually used (Zhu et al. 2008), it still permits 
identification of associated markers with trait(s) of interest and can be useful if such identified 
QTLs are further-pursued with other approaches such as fine mapping and other gene editing 
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tools. Another limitation often encountered in linkage analysis is the cost for propagating and 
evaluating the large number of progeny (Holland 2007). 
Association Mapping 
 
In contrast to linkage mapping, association mapping is a powerful approach which 
harness the genetic diversity of natural populations to potentially resolve the genetic control of 
complex traits such as disease resistance owing to higher mapping resolution capacity from the 
huge number of recombination events occurring within the genome in diverse germplasm panels 
(Nordborg and Tavare 2002). Association mapping can be classified into two categories 
depending on the focus of the study: candidate-gene association mapping, which relates 
polymorphisms in selected candidate genes that have purported roles in controlling phenotypic 
variation for specific traits, and genome-wide association mapping (GWAS), which has the 
capacity to scan the whole genome for genetic variants and to find signals of marker-trait 
association for resolving complex traits variation in several plant genetic and breeding programs 
(Zhu et al. 2008). GWAS with diverse germplasm can aid the identification of superior alleles 
that were not captured by breeding practices and this can enhance the efficient introgression of 
these alleles into desired breeding germplasm. GWAS approach is based upon linkage 
disequilibrium (LD)/gametic phase disequilibrium. This measures the degree of non-random 
association of alleles at different loci (Nordborg and Tavare 2002). The difference between 
observed haplotype frequency and expected based on allele frequencies is defined as D. D = PAB 
- PAPB where PAB is the frequency of gamete AB; PA and PB are the frequency of the alleles A 
and B, respectively (Nordborg and Tavare 2002; Zhu et al. 2008). There are other statistics being 
used for LD calculation, and these are usually affected by marginal allele frequencies and small 
sample sizes (Hedrick 1987). Factors such as inbreeding, small population size, low 
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recombination rate, admixture with a population, etc. can increase LD, while factors such as 
outcrossing and high recombination and mutation rate can result in a decrease in LD. Since 
spinach is mostly open-pollinated, it is expected to have a rapidly decaying LD. Association 
analysis is typically done via linear regression, analysis of variance (ANOVA), t-test or chi- 
square test. In response to potential spurious result (false marker-trait association), several 
improved statistical model/methods have been developed to control the cofounding factors that 
may arise. One of these factors is population structure. Population structure can easily influence 
statistical results and must be controlled as such (Pritchard et al. 2000). Some developed 
statistical models are adopted to account for population structure and these models are then 
incorporated into further statistical analysis. For example, a mixed linear model implemented in 
the software, TASSEL (Bradbury et al. 2007). Similarly, a unified mixed-model approach for 
association mapping typically accounts for multiple levels of relatedness (Yu et al. 2006). In this 
method, population structure (Q) and relative kinship matrix (K), are firstly estimated and then 
fitted into a mixed-model framework to test for marker-trait associations. This approach has 
greatly helped in controlling spurious association as regards relatedness/family and 
population/geographical location (Zhao et al. 2007). Taking these population structure and 
kinship factors into consideration, GWAS is generally conducted using several in-built statistical 
models in bioinformatic softwares/programs such as TASSEL 5, GAPIT, FarmCPU, or PLINK 
with resulting significant markers (SNPs) validated using Kompetitive Allele-Specific PCR 
(KASP) or other approaches (Semagn et al. 2014). GWAS has been used for molecular marker 
discovery in many crops. For example, shelf life in lettuce (Kandel et al. 2020) and downy 
mildew resistance in cucumber (Liu et al. 2020). GWAS has been recently conducted for 
different trait in spinach such as; leafminer resistance (Shi and Mou 2016); verticillium wilt 
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resistance (Shi et al. 2016b); stemphylium leaf spot resistance (Shi et al. 2016c). More recently, 
GWAS was conducted in spinach for resistance to P.effusa race 13 (Bhattarai et al. 2020). 
However, the population used for the analysis was comprised of few mixed biparental 
populations with very limited genetic diversity. Thus, mapping resistance to the diverse races of 
the downy mildew pathogen using a more diverse panel can provide more insight into the 
genetics of resistance to the downy mildew pathogen in spinach. 
Genomic selection 
 
Linkage/QTL analysis approach which focus on mapping/detecting a few quantitative 
trait loci (QTL) in the hope that a desired gene could be identified, has been used in various 
breeding programs (Collard et al. 2005). Fortunately, the recent development in sequencing 
methods and improved genome depth coverage has allowed for a better method of improving 
desired traits in crops and animals. Genomic selection (GS) is a form of MAS which involves 
with the process of estimating breeding values of individuals within a population through the 
utilization of marker data to increase genetic gain per unit time (Heffner et al. 2009: Meuwissen 
et al. 2001). This approach has particularly assisted selection for traits of interest in animal 
breeding and is increasingly being used for crop improvement (Heffner et al. 2009). Unlike 
MAS, GS does not attempt to identify functional mutations but uses a random set of genome‐ 
wide markers to predict breeding value which makes it a great tool for making selections 
(Goddard and Hayes 2007). GS is typically done via separation of population into two; the 
reference/training (where the marker effects are estimated via statistical methods) and the 
selection/validation population on which prediction is made based on marker effects estimated 
from the training population (Goddard and Hayes 2007). The individuals in the reference 
population must have phenotypes and marker genotypes while the selection population need to 
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have only marker genotypes. An important factor in the precision of GS is the size of the 
reference/training population (Xavier et al. 2016). Beside the basic method (given by yi=g(Xi) + 
ei where yi is the genomic estimated breeding value, g(Xi) is the genotype vector, and ei is a 
random error) for conducting GS, there are some of the several statistical methods being 
developed and used for conducting GS. For example, the ridge-regression best linear unbiased 
predictor (rr-BLUP) (Endelman 2011)) y= µ + g + ε with g=∑jxijβj g~N(0,Kσ2g) and ε~N(0,Iσ2e) 
where y is the vector phenotype, µ is the population mean, g is the vector of genetic values, K is 
the additive relationship matrix obtained from the marker data, σ2g is the genetic variance, and 
σ2e is the error variance; Least absolute shrinkage and selection operator (LASSO) among other 
methods. GS has been used in traits improvement in many breeding programs including rice 
(Onogi et al. 2016), maize (Shikha et al. 2017) and soybean (Xavier et al. 2016). The potential 
application of predictive breeding can improve breeding for different traits including downy 
mildew resistance in spinach. 
Genetic efforts in spinach 
 
Spinach is an open-pollinated and dioecious plant with an estimated genome size of 
around 989 Mb (Arumuganathan and Earle 1991; Dohm 2014). The spinach bacterial artificial 
chromosome (BAC) library (Feng et al. 2015) has aided some genomic work in spinach, from 
the creation of a physical map to fine mapping of loci of interest (Correll. et al. 2011; Feng et al. 
2018b). High-density linkage maps remain an essential tool in genetic and genomic research 
importantly in the applications of QTL mapping, map-based cloning of trait-controlled genes, 
and the assembly of the genome (Qian et al. 2017). Khattak et al. (2006) reported the first genetic 
linkage map in spinach using one hundred AFLP and nine simple sequence repeats. The map was 
divided into seven linkage groups (LG) with a total length of 585 cM and the average genetic 
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distance between the adjacent markers was 5.18 cM. Similarly, a genetic map based on 283 SNP 
markers was constructed (Chan-Navarrete et al. 2016) to identify actively transcribed genes and 
a total size of 433.6 cM was obtained. The map was divided over six linkage groups (LG) 
corresponding to the basic number of chromosomes in spinach, and the result showed substantial 
improvement relative to the earlier reported map. 
 
In a bid for improvement on the existing genetic map for spinach, Qian et al. (2017) 
constructed a high-density genetic map of spinach based on SLAF-seq, which was based on 
Specific-locus amplified fragment sequencing. They mapped the sex-determining region to a 
single linkage group by combining both the Bulked Segregant Analytical (BSA) approach and 
Specific-locus Amplified Fragment sequencing (SLAF technology). The map covered 1,125.97 
cM and was divided into six linkage groups, with an average distance of 0.31 cM between the 
adjacent marker loci. In total, 4080 SLAF markers were located on the genetic map. Many 
studies have reported SNP markers associated with several horticultural traits in spinach 
including bolting, tallness, and erectness (Chitwood et al. 2016); oxalate concentration in spinach 
leaves (Shi et al. 2016a); leafminer resistance (Shi and Mou 2016); verticillium wilt resistance 
(Shi et al. 2016b); stemphylium leaf spot resistance (Shi et al. 2016c) and the recent genome- 
wide association study for resistance to race 13 of the downy mildew pathogen (Bhattarai et al. 
2020). 
 
Rationale and significance 
 
Downy mildew can cause significant yield loss in spinach especially in the organic 
industry where substantial quantity of fresh market spinach in the U.S. is produced (Correll et al. 
2011). This can potentially threaten the livelihood of consumers and producers who depend on 
spinach cultivation. The marked rise in the development of novel races of the pathogen has been 
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linked to the expanding spinach industry. Characterizing resistance and understanding the 
genetic architecture of downy mildew resistance will enhance spinach breeding programs aiming 
at releasing new resistant lines/cultivars and will also provide a robust and durable resistance for 
incorporation into the available resistance sources. Characterizing resistance and conducting 
association analysis can potentially help in generating robust outcomes in efforts towards 
understanding the genetics of downy mildew resistance in spinach. Ultimately, a robust marker 
selection approach can contribute significantly to a more enhanced spinach breeding program. 
Previously, QTL/linkage analysis-driven studies have generated some molecular markers 
tightly-linked to some regions (RPF1, RPF2, RPF3 loci) presumably known to contain genes 
controlling downy mildew resistance in spinach (Irish et al. 2008; Feng et al. 2018b). More 
recently, an association study provided more information and SNP markers for downy mildew 
resistance in spinach (Bhattarai et al. 2020). However, there is not much information about the 
genetic architecture underlying resistance to the downy mildew pathogen in spinach. The present 
study aimed at characterizing resistance to the downy mildew pathogen Pfs race 5 and UA2020- 
01E as well as generate large number of tightly-linked SNP markers via association anaylsis for 
downy mildew resistance to Pfs race 5 which can be used for making effective genetic selections 
and predictions. To the best of our knowledge, no reports on GWAS for downy mildew 
resistance to Pfs race 5 using a worldwide diverse panel under greenhouse conditions has been 
published for spinach. Therefore, the objectives of this research were to: 
• Investigate incomplete dominance of resistance at the RPF3 locus 
 
• Evaluate biparental F2 populations for resistance to Pfs race 5 
 
• Evaluate a set of commercial cultivars for resistance to Pfs race 19 (UA2020-01E) 
 
• Conduct association study for downy mildew resistance to Pfs race 5, and 
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Spinach is an economically important leafy vegetable grown in the United States. The 
downy mildew pathogen, Peronospora effusa (Pfs) is the major biotic constraint impacting 
spinach production and availability. The use of resistant cultivars is an economical option 
especially for organic production. As the pathogen continues to evolve, there is a need for better 
resistance characterization to the emerging races. The objectives of this study were to evaluate a 
set of hybrids and two F2 population for resistance to Pfs race 5, and a set of diverse genotypes 
for resistance to Pfs race 19 (UA2020-01E). Resistance conferred by the RPF 3 locus in 
heterozygous condition was hypothesized to be incomplete. We investigated this in a set of 
hybrids, with a major focus on NIL3 x Viroflay response to Pfs race 5. In another study, two F2 
(Viroflay x Califlay) populations were phenotyped for resistance to Pfs race 5. Finally, a set of 
commercial cultivars were evaluated for resistance to Pfs race 19 under greenhouse conditions. 
Our result indicated that resistance conferred by the RPF3 locus in heterozygous condition was 
complete when NIL3 x Viroflay was evaluated for resistance to Pfs race 5. The evaluation of this 
hybrid using multiple races of the pathogen might provide more insight on the impact of the 
allelic combination in resistance conferment. Chi-square analysis of the segregation pattern in 
the F2 populations supported that resistance to Pfs race 5 was likely conferred by a single gene. 
The result could be pursued for conducting a linkage analysis and subsequent identification of 
genomic region(s) underlying resistance in the biparental population. The analysis of the downy 
mildew response observed in the diverse genotypes suggested resistance to the new Pfs race 19 
was also likely conferred by a single gene or very few genes with multiple alleles depending on 
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the background of the genotype. Furthermore, PCR analysis of the diverse panel using molecular 
markers (targeting the RPF3 locus) identified the various cultivars possessing the resistance- 
associated allele at the RPF3 locus, as well as cultivars with possible novel resistance sources 
suggesting a new locus. However, the genetic basis of downy mildew resistance is still not 
completely clear especially with a major challenge on linkage which has made specific gene 
identification difficult. Relatedly, the discrepancies observed between disease reactions and 
marker results could be attributed to many factors including a possible loose linkage between the 
marker and the resistance allele. The development of more robust markers would aid efficient 
selection. Finally, the resistant cultivars identified and verified in this study could be used for 
improving resistance to Pfs race 19 of the downy mildew pathogen associated with spinach. 
Overall, results from this study corroborated existing theory that resistance to Pfs races is likely 




Downy mildew disease, caused by the obligate oomycete Peronospora effusa, is a major 
disease threatening spinach production all around the world. The management of downy mildew 
on spinach consist in an integrated disease management system whereby the use of resistant 
cultivars, fungicides, crop rotation and other management practices are combined to manage the 
disease. Since the first report (Greville 1824) of the pathogen on spinach, several races and/or 
strains of the downy mildew pathogen have evolved and have been reported in spinach-growing 
regions. (Correll et al. 1994; Correll et al. 2011). The drastic rise in the number of Pfs races 
discovered is attributed to the agronomic practices adopted in most spinach production systems, 
including the cultivation of few resistant sources which has resulted to the development of 
deviating strain or new races (Feng et al. 2018a). Currently, a total of 19 Pfs races have been 
identified and described with race 5 reported in 2003 (Feng et al. 2018a; Irish et al. 2003) and 
race 18 and 19 recently denominated by the International Working Group on spinach downy 
mildew (Feng et al. 2021). It is expected that the rapid emergence of novel races of this pathogen 
will continue to impact spinach production (Correll et al. 2011). A number of spinach genoypes 
or cultivars (with resistance allele at the RPF1, 2, 3 and 6 loci; including Califlay) have been 
identified to possess resistance to Pfs race 5. The newly denominated race, Pfs 18 was reported 
to infect spinach differentials (Pigeon, Caladonia, Meerkat and all six near isogenic lines except 
NIL1). The race was found in the US in 2015 and its presence was reported through 2018 but not 
2019 and 2020. Reports from Europe has established the presence of the race notably in the last 3 
years. The latest denominated race, Pfs 19 has been reported to be present only in the US for now 
and can infect most differentials (NIL1,2,4,5,6, Pigeon, Meerkat and Hydrus) but not those with 
putative resistance close to the RPF3 locus (like NIL3). 
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Among the methods of management, the use of genetic resistance is a sustainable 
approach employed in managing the devastating pathogen. The use of resistant cultivars is the 
most economical and environmentally friendly method for the control of the disease (Correll et 
al. 2011). Since downy mildew disease is a serious threat to spinach production, breeding efforts 
are primarily concentrated on improving resistance to the pathogen (Correll et al. 2011; 
Morelock and Correll 2008). Resistance characterization to the various races of the pathogen has 
led to the identification of resistance sources (Brandenberger et al. 1992; Irish et al. 2003; Irish et 
al. 2007). Consistent and intensive resistance characterization to the various emerging races of 
the pathogen will reveal and provide more resistance sources that can be mined for improving 
resistance in spinach. Generally, the adoption of a standard set of differential genotypes 
possessing putative resistance loci robust for discriminating Pfs races based on the observed 
response upon pathogenicity (greenhouse) assay, constitute the typical evaluation procedure for 
identifying resistance to the pathogen (Irish et al. 2003). Recently, Bhattarai et al. (2020) 
introduced a ‘sensitive’ detached leaf assay method whereby detached spinach cotyledons and 
leaves mounted onto agar plate/tray can be used for characterizing resistance within a small 
space. Similar results were generated when this method was compared with the whole plant 
inoculation assay. However, these standard methods are cumbersome, time-consuming and 
subject to environmental factors (Bhattarai et al. 2020; Feng et al. 2018b). Thus, the development 
and adoption of molecular tools will enhance resistance characterization and improvement for 
managing the downy mildew pathogen. 
Marker-assisted selection (MAS) is a useful tool adopted in breeding programs for trait 
improvement in several crops. Marker-aided selection has improved breeding for resistance to 
the downy mildew pathogen in spinach (Correll et al. 2011; Feng et al. 2018b; Irish et al. 2008). 
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Selection of genotypes is made based on evaluation using DNA markers tightly linked to a locus 
conferring resistance to a Pfs race. Irish et al. (2008) identified a locus (RPF1) putatively 
containing resistance genes to the earliest described races (including races 1-7). The resulting co- 
dominant molecular marker developed from the study has aided the selection of resistant 
genotypes. Further, the marker has provided a robust discrimination of genotypes in 
corroboration of the cumbersome pathogenicity assay. The recent development in technologies 
has further aided the development of molecular markers linked to the first locus and additional 
two RPF loci which are presumed to contain genes conferring resistance to several Pfs races 
(Feng et al. 2018b). 
Genotyping by sequencing (Elshire et al. 2011), aided the generation of markers for three 
(RPF 1, 2 and 3) of the putative RPF loci in spinach (Feng et al. 2018b). Interestingly, the RPF 
loci (1-3) for which markers were developed in the study have been localized to a 1.5MB region 
on chromosome 3 with several genes including five NBS-LRR resistance gene analogs in the 
spinach genome. The sets of newly-developed markers are dominant and co-dominant, and are 
thus able to discriminate spinach genotypes at the respective RPF loci for homozygous or 
heterozygous resistance. Thus, these markers can be used to evaluate genotypes for resistance 
(Feng et al. 2018b). At least, six major RPF loci are currently hypothesized to control resistance 
to the described races of the pathogen (Correll et al. 2011). Efforts have been geared towards 
fine-mapping the RPF1 (She et al. 2018), with other loci in the pipeline of being fine-mapped 
and characterized as well. The development of spinach genotypes with each containing putative 
RPF loci (1-6) would provide a durable form of resistance to the known races of the downy 
mildew pathogen. 
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Despite the progress recorded, the mode of resistance conferment at the respective loci is 
not completely understood. Findings from previous studies had suggested resistance to two 
certain races (1 and 3) are conferred by two closely linked genes (Eenink 1976). As new races 
emerge, the previously identified resistance ‘sources’ are still useful in resistance deployment 
against the pathogen. This phenomenon caused a paradigm shift in hypothesis – whereby 
resistance is now speculated to be conferred by a single locus with multiple alleles in contrast to 
the previous theory on multiple closely linked resistance loci with intact linkage. Resistance 
characterization to the downy mildew pathogen is quite complicated. Often, there are noticeable 
discrepancies between results arising from pathogenicity assays and the corresponding observed 
amplicon (resistant/susceptible allele) when molecular marker is used (Correll et al, 
unpublished). While there are many underlying factors influencing this phenomenon, the 
different genetic background explored for resistance might be a major point for the discrepancies 
observed. In particular, resistance response in spinach genotypes containing the putative RPF 
loci is unclear in that incomplete resistance is observed in some hybrid genotypes (based on field 
or grower reports) known to possess the resistance alleles in heterozygous combination 
especially at the RPF 3 locus. The evaluation of genotypes at this locus can provide more 
information on incomplete resistance to Pfs in spinach. Also, the combined environmental 
conditions (such as dew/growth chambers parameters, inoculum concentration, plant age etc.) 
under which the pathogenicity assay is conducted can be a source of variation whereby the 
pathogen biological activities are influenced (Irish et al. 2003). 
Sole reliance on the cumbersome whole plant or detached-leaf inoculation method of 
phenotyping for downy mildew resistance will hamper progress towards resistance improvement. 
Thus, the combined usage of pathogenicity assays and molecular markers for evaluation can 
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provide useful information needed for making effective selection for resistance. Precise 
identification of RPF loci in diverse panel using tightly-linked DNA markers and pathogenicity 
assays is a critical step for ensuring the effective deployment of RPF loci for resistance breeding 
to the downy mildew pathogen in spinach. The objectives of this study were to evaluate a set of 
hybrids and F2 population for incomplete and complete dominant resistance to Pfs race 5 
respectively, and to characterize resistance to the newly reported Pfs race 19 (UA2020-01E) 
using diverse contemporary commercial cultivars known to possess most RPF loci. 
 
Materials and Methods 
 
Experiment I – Evaluation of NIL3 x Viroflay for resistance to Pfs race 5 
Plant materials and design 
The objective of this study was to evaluate a NIL3 x Viroflay hybrid for incomplete 
 
resistance response to Pfs race 5 at the RPF3 locus. Two hybrids (NIL3 x Viroflay and NIL1 x 
Viroflay) together with controls were considered in this evaluation (Table B1). Plants from the 
genotypes were established by direct seeding in 3-inch pottymix-filled pots in three replicates 
(pots) per genotypes. Each replicate had five plants, making a total of 15 plants per genotype in a 
trial. The evaluation was conducted in six independent trials. The plants were grown in the 
greenhouse following standard procedure (Irish et al. 2003). 
Pathogenicity assay and disease rating 
 
At two weeks after seeding, young spinach seedlings were inoculated with Pfs race 5. 
The inoculation and scoring of downy mildew on the spinach genotypes followed the standard 
procedure (Irish et al. 2003). Briefly, Pfs sporangia were retrieved from sporulating spinach 
leaves and filtered through four layers of cheesecloth. Each pot of plants was inoculated with 
20ml (105 sporangia/ml) of inoculum using a Badger basic spray gun (model 250). The 
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inoculated plants were immediately transferred to the dew chamber (100% relative humidity) for 
incubation at 18°C for 24 h. The plants were then moved to the growth chamber at 19°C with a 
12 h light/12 h dark regime for consecutive 5 days. Again, the inoculated plants were transferred 
back to the dew chamber for 24 h to induce sporulation. 
Qualitative evaluation was based on the presence or absence of sporulation on cotyledons 
and true leaves; as resistant (-) or as susceptible (+) respectively. Quantitative evaluation of true 
leaves was based on the standard scale of 0 to 4, with 0 = no sporulation; 1 = up to 25% leaf area 
covered with sporulation; 2 = 26 to 50% leaf area covered with sporulation; 3 = 51 to 75% leaf 
area covered with sporulation; and 4 = 76 to 100% leaf area covered with sporulation. The 
disease incidence and severity on each genotype was calculated using the standard method as 
thus: 
Downy mildew disease incidence (DI) on the genotypes was calculated based on the 
number of cotyledons infected: + indicates >85% infected, - indicates <15% infected, and ± 
indicates an intermediate reaction. Disease severity (DS) on the genotypes was calculated using 
the mid-point of the range of each disease category (0-4) with the formula: DS = [(A*0) + 
(B*12.5) +(C*37.5) + (D*62.5) + (E*87.5)] / (A+B+C+D+E), where A, B, C, D, and E 
represents (0-4) as described above. The downy mildew response data (severity) was used for 
assessing the degree of resistance and susceptibility to estimate or capture resistance level in the 
hybrid. 
 
Experiment II – Evaluation of resistance to Pfs race 5 in Califlay F2 populations 
Plant materials and design 
Two single F2 populations were considered in this study. The two Califlay x Viroflay F2 
 
populations consisted of 142 and 63 individuals, and parents (Viroflay and Califlay). Viroflay is 
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known to be universally susceptible to all known Pfs races and presumed to contain no resistant 
allele at all the identified RPF loci. Califlay is known to be resistant to Pfs race 5 and presumed 
to possess a resistance allele at the RPF3 locus. For F2 population development, Viroflay was 
used as the female and Califlay as the male. The population was developed in USDA, California 
by Dr. Beiquan Mou. In this study, each spinach plant was grown (without fungicide treatment) 
by direct seeding in rows inside 25 cm x 50 cm plastic trays filled with the sunshine potting soil 
(Sun Gro Horticulture, Canada), Seeds were planted in 10 rows per tray and 15-20 seeds per row. 
Two trays were used for each population with each tray receiving at least 120 seeds of the F2 
populations. The parents were grown by direct seeding as well in a tray together in 5 rows for 
each of them. Plants were grown following standard procedure (Irish et al. 2003). The 
experiment was conducted on the populations using one population per test. 
Pathogenicity assay and disease ratings 
 
The inoculation and scoring of downy mildew on spinach genotypes followed the 
standard procedure (Irish et al. 2003). Briefly, Pfs sporangia were retrieved from sporulating 
spinach leaves and filtered through four layers of cheesecloth. Each flat of plants was inoculated 
with 30ml (105 sporangia/ml) of inoculum using a Badger basic spray gun (model 250). The 
inoculated plants were immediately transferred to the dew chamber (100% relative humidity) for 
incubation at 18°C for 24 h. The plants were then moved to the growth chamber at 19°C with a 
12 h light/12 h dark regime for consecutive 5 days. Again, the inoculated plants were transferred 
back to the dew chamber for 24 h to induce sporulation. Individual plants from each genotype 
was evaluated qualitatively for downy mildew disease response based on presence of sporulation 
on cotyledon (Irish et al. 2003). Qualitative evaluation was based on the presence or absence of 




In this study, the downy mildew response data generated in the F2 populations was 
subjected to chi-square analysis. Due to the poor germination or growth of some individual 
plants, data from 142 and 63 individuals was used for Chi-square analysis at P = 0.05. 
 
Experiment III – Characterization of resistance to Pfs race 19 (UA2020-01E) in 
commercial cultivars 
Plant materials and growth 
 
The diverse set of cultivars consisting of 68 diverse commercial cultivars with sources of 
resistance to the previously described races was evaluated under greenhouse/growth chamber 
conditions. Due to poor growth of plants, 39 commercial cultivars were considered for disease 
phenotyping. The entire diverse panel was recently evaluated in the field to the prevalent Pfs 
races in California where race 14 and 17 were identified. However, the new race (Pfs race 19) 
could not be retrieved on the spinach plants (Clark et al. unpublished). Several cultivars in the 
diverse panel constitute the bulk of resistance sources to known races of the downy mildew 
pathogen. Based on the standard pathogenicity assay, it is hypothesized that the RPF3 locus 
confers resistance to Pfs race 5 and also likely to control resistance to the new Pfs race 19 
(Correll et al. unpublished). Thus, at least 3 different genotypes (Califlay, NIL3, and Whale) 
presumably known to contain the RPF3 locus and one genotype (Viroflay) known to be 
universally susceptible to all known Pfs races were used as negative and positive controls 
respectively in this study. Each spinach genotype was grown (without fungicide treatment) by 
direct seeding in rows inside a 25 cm x 50 cm plastic trays filled with the sunshine potting soil 
(Sun Gro Horticulture, Canada), Seeds were planted in 10 rows per tray and 15-20 seeds per row 




To characterize resistance in the diverse panel, the experiment was conducted during the 
summer (May) through early fall (October) of 2020 in the greenhouse of the Rosen Center of the 
University of Arkansas, Fayetteville, AR. The experiment was carried out in two independent 
trials. Plants were grown in rows inside trays for each test with each tray containing positive 
(Viroflay) and negative (Califlay) controls (Figure B1). Two-week-old seedlings were used for 
inoculation.The susceptible cultivar, Viroflay was used to increase inoculum as needed. 
Pathogenicity assay and disease ratings 
 
The inoculation and scoring of downy mildew on spinach genotypes followed the 
standard procedure (Irish et al. 2003). Briefly, Pfs race 19 sporangia were retrieved from 
sporulating spinach leaves and filtered through four layers of cheesecloth. Each flat of plants was 
inoculated with 30ml (105 sporangia/ml) of inoculum using a Badger basic spray gun (model 
250). The inoculated plants were immediately transferred to the dew chamber (100% relative 
humidity) for incubation at 18°C for 24 h. The plants were then moved to the growth chamber at 
19°C with a 12 h light/12 h dark regime for consecutive 5 days. Again, the inoculated plants 
were transferred back to the dew chamber for 24 h to induce sporulation. Individual plants from 
each genotype was evaluated for downy mildew dise ase response qualitatively and 
quantitatively (Irish et al. 2003). Qualitative evaluation was based on the presence or absence of 
sporulation on cotyledons and true leaves; as resistant (-) or as susceptible (+) respectively. 
Quantitative evaluation of true leaves was based on the standard scale of 0 to 4, with 0 = no 
sporulation; 1 = up to 25% leaf area covered with sporulation; 2 = 26 to 50% leaf area covered 
with sporulation; 3 = 51 to 75% leaf area covered with sporulation; and 4 = 76 to 100% leaf area 
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covered with sporulation. The disease incidence and severity on each genotype was calculated 
using the standard method as thus: 
Downy mildew disease incidence (DI) on the genotypes was estimated based on the 
number of plants showing evidence of symptoms and sporulation on cotyledons. Downy mildew 
disease severity (DS) on the genotypes was calculated using the mid-point of the range of each 
disease category (0-4) with the formula: DS = [(A*0) + (B*12.5) +(C*37.5) + (D*62.5) + 
(E*87.5)] / (A+B+C+D+E), where A, B, C, D, and E represents as described above. 
DNA extraction, marker selection and PCR condition 
 
DNA was extracted following (Edwards et al. 1991) with slight modification. DNA was 
extracted from bulked cotyledons and leaves of each genotype from the two trials. After 
extraction, samples were quantified and DNA quality was assessed via spectrophotometry using 
Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific, MA) and agarose gel (1%) 
electrophoresis respectively. For robust resistance characterization, Two dominant DNA-based 
marker (RPF3-2 and RPF3-7) linked to the RPF3 locus were selected based on data from 
previous studies. The RPF3-2 marker is known to be closely-linked to three RPF loci (RPF1, 2 
and 3), while the RPF3-7 is a (RPF3) locus-specific marker. Another dominant DNA-based 
marker (RPF1-3) linked to RPF1 locus was also considered in the marker evaluation of the 
diverse panel (Feng et al. 2018b). All the markers considered in this study were developed from 
insertion/deletion regions. The markers are dominant in that they are each able to amplify a 
single (resistance) amplicon in a given resistant spinach genotype at a designated RPF locus. In 
this study, the first two dominant markers, RPF3-2 and RPF3-7 were used to evaluate the diverse 
panel at the RPF3 locus, while the RPF1-3 was used to evaluate the diverse panel at the RPF1 
locus. 
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The polymerase chain reaction (PCR) protocols for the two RPF3 markers started with 
denaturation at 94°C for 2 minutes followed by 35 cycles of 94°C for 15 seconds; primer 
annealing at 55°C for 30 seconds; extension at 72°C for 30 seconds; and a final extension 
temperature of 72°C for 5 minutes. The PCR protocol for RPF1 marker also followed the 
standard conditions (Feng et al. 2018b). The PCR was performed in three independent trials for 
each cultivar and for each marker using sets of primers of the three markers. 
Data analysis 
 
Due to the poor germination or growth of some cultivars in the diverse panel, data from a 
subset of 39 of the total 68 cultivars were used for analysis. The resulting downy mildew 
response data was subjected to descriptive statistical analysis and analysis of variance. The 
analysis was done in EXCEL (Microsoft), JMP Pro 15 (SAS Institute, Cary NC) and R (R 







Evaluation of resistance status in a NIL3 x Viroflay hybrid 
 
In this study, attention concentrated on evaluating a hybrid (NIL3 x Viroflay) for downy 
mildew response upon inoculation with Pfs race 5 under greenhouse conditions. Reports from the 
field and growers have identified certain genotypes (with resistance allele in heterozygous 
combination) to show intermediate resistance to certain Pfs races. Thus, we pursued to 
understand the basis underlying the response. Qualitative and quantitative resistance 
quantification methods were adopted using cotyledon and true leave infection assays. Based on 
the data generated from this study, Viroflay was highly susceptible to Pfs race 5 as expected, 
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while all other genotypes including the hybrid (NIL3 x Viroflay) were completely resistant to Pfs 
race 5 (Table B1). The result was consistent across the entire six independent trials conducted in 
this study. This suggests that resistance imparted against Pfs race 5 is complete when the 




Quantifying resistance in Califlay x Viroflay F2 population to Pfs race 5 
 
Here we evaluated two single plant-derived F2 population for response to Pfs race 5 
under greenhouse conditions. The evaluation was only based on the qualitative resistance 
quantification method (cotyledon infection assay). In the first population with 142 individuals, a 
total of 102 individual plants were found resistant while 42 were susceptible to Pfs race 5 of the 
downy mildew pathogen. Similarly, a total of 49 plants were resistant while 14 were susceptible 
for the other population (Table B2). The segregation pattern analysis of the downy mildew 
response in the F2 populations revealed an approximately 3 to 1 ratio of resistance to 
susceptibility. This result indicated that the response observed fit the expected model of single- 




Quantifying resistance to Pfs race 19 (UA2020-01E) of the downy mildew 
pathogen 
In this study, both qualitative and quantitative evaluation methods were adopted. Data 
from the qualitative method based on cotyledon infection assay revealed 22 of the total tested 
cultivars to be resistant while 17 were susceptible in the two independent trials (Figure B2 & 
Table B3). For quantitative evaluation, the downy mildew disease response observed on the 
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genotypes was similar in the two trials (Table B3 & B5) with a severity mean of 37.5 and 43.3 
standard deviation in first trial and severity mean of 37.0 and 43.0 standard deviation in second 
trial. The overall severity mean was 37.2 with a standard deviation of 42.8 (Table B5). There 
were consistencies as regards the response observed on the controls (Viroflay and Califlay). 
Viroflay showed consistent and complete susceptibility to the race of the pathogen while Califlay 
was completely resistant. Other than Viroflay, a cultivar, Red Kitten, was notably susceptible to 
the race of the pathogen in the two trials. An analysis of variance test indicated a significant 
treatment (cultivar) effect at P < 0.0001 (Table B6). The genotypes were categorized into two 
classes (resistant/susceptible) when the means were separated based on Tukey’s test (alpha = 
0.05) (Table B3 & B6). The spinach cultivars in this study showed either complete resistance or 
susceptibility to the novel Pfs race. 
Marker evaluation of the diverse cultivars at the RPF1 and RPF3 loci 
 
At the RPF1 locus, the RPF1-3 marker primer amplified a resistance-associated allele in 
all except three cultivars (Minkar. Sunangel and Tacoma) (Figure B3). At the RPF3 locus, the 
RPF3-2 marker primer amplified a resistance-associated allele in all of the tested except Dracus, 
Lakeside and Platypus; while the RPF3-7 marker primers also amplified a resistance-associated 
allele in 19 of the cultivars tested (including additional tested cultivars). Notably, some resistant 
cultivars (Dracus, Crosstrek, Nembus, Pawnee, Regor, Tabit and Tacoma) does not appear to 
possess any resistance-associated allele at the RPF3 locus based on the marker data. 
Unexpectedly, four susceptible cultivars (Nevada, Corvus, Magnetic and El Prado) were revealed 






Evaluation of resistance status at the RPF locus in a NIL3 x Viroflay hybrid 
 
Resistance to disease-causing pathogens is generally influenced by several factors 
including the interaction between the host plant and the pathogen. Based on field reports citing 
intermediate resistance in some spinach genotypes with putative resistance allele in heterozygous 
combination, we focused on investigating the nature or level of resistance conferred on a spinach 
hybrid upon artificial inoculation using a known Pfs race (race 5). We presented a hybrid (NIL3 
x Viroflay) with resistance presumably conferred via the parent (NIL3) by a single gene. We 
hypothesized that the ‘single’ resistance gene from the parent (NIL3) may show incomplete 
penetrance when present in heterozygous combination at the RPF3 locus and can lead to partial 
or incomplete dominant resistance. In this study, the inoculation of the hybrid with Pfs race 5 
resulted into complete resistance (disease severity of 0%) indicating complete dominant gene 
effect when Pfs race 5 was used for inoculation. Expectedly, the parent (Viroflay) was 
completely susceptible to Pfs race 5 (severity of 100%) indicating the absence of resistance gene 
at the RPF locus. The genetic architecture of resistance alleles at respective RPF loci is not 
clearly understood and this can impact the type and level of resistance conferred to a given race 
of the downy mildew pathogen. Generally, downy mildew resistance is deemed complete when 
allelic combination is in homozygous condition (Correll et al. 2011; Irish et al. 2008). 
The wide adoption of hybrid spinach cultivars with introgressed resistance loci/genes 
necessitates the understanding of the genetics of resistance conferred at the various RPF loci. By 
implication, poor understanding of allelic combinatory effect in a hybrid can result to failed or 
defeated immunity against Pfs race(s). Hence, this phenomenon places a considerable attention 
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on the need for understanding the mode of resistance conferment in the genetic background used 
for developing a hybrid to ensure a durable resistance to a given Pfs race. This phenomenon 
(partial resistance) is widely observed in different crops including vegetables. For example, 
resistance to tomato spotted wilt virus in tomato (Roselló et al. 1998) and resistance to Bremia 
lactucae in lettuce (Crute and Norwood 1978). While results from this current study can be 
considered reliable, the use of more races in evaluating this genotype (NIL3 x Viroflay) and 
other hybrids can provide more information about the mode of resistance to Pfs races in spinach. 
As advances are made towards cloning the downy mildew resistance gene(s) in spinach, the 
potential cloning of the resistance gene(s) will aid the better understanding of the type of 
interaction (compatible/incompatible) existing between Pfs races and spinach genotypes; which 




Resistance characterization to Pfs race 5 at the RPF3 locus 
 
In this study, the response of the individual plants in the single F2 population fit the 
expected segregation ratio for a single dominant R gene. In spinach, resistance was previously 
characterized to be controlled by a single dominant gene (Smith 1950; Smith et al. 1961) and 
then later found to be conferred by closely-linked genes (Eenink 1974; Eenink 1976). To resolve 
the complexity over downy mildew resistance pattern in spinach, Irish et al. (2008) identified a 
resistant locus in a developed near isogenic line presumably known to contain a single gene 
(RPF1). Their result indicated that the resistance identified in the genetic background of the near 
isogenic line segregates as a single dominant locus. However, the genetic architecture underlying 
resistance to a single race of Pfs remains unclear. It is hypothesized that the genetic architecture 
controlling downy mildew resistance in spinach is likely controlled by one locus/gene with 
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multiple alleles (Correll et al. 2011). In the lettuce-Bremia lactucae pathosystems, downy 
mildew resistance was initially reported to be conferred by tightly-linked genes (Hulbert and 
Michelmore 1985). Recently, there have been the identification of multiple quantitative trait loci 
conditioning resistance in addition to the previously identified major genes (Simko et al. 2015). 
Though it is not completely clear, it is expected that genetic mapping using the evaluated 
biparental population in this study, will provide more insight into the downy mildew resistance 
architecture in spinach. A major potential concern lies in the number of individuals in the 
population used in this study as it may pose a potential constraint on effectively mapping the 




Disease response to Pfs race 19 (UA2020-01E) in the commercial cultivars 
 
The emergence of a novel race/strain of the downy mildew pathogen generally pose a 
huge threat in the spinach industry. The various agronomic practices adopted in spinach growing 
regions allows for the constant emergence of new races that continues to threaten spinach 
production. For instance, the expanding spinach market has caused an increase in the production 
and the acreage cultivated which makes downy mildew disease occurrence possible in spinach 
fields all year round. Also, an oospore-infested spinach seed can potentially introduce a new race 
into an otherwise non-infested growing region (Correll et al. 2011). The biological system of P. 
effusa is another major concern as sexual recombination between genotypes can result to the 
emergence of new races. Importantly, this mode of reproduction has been implicated in the 
marked rise in the number of new races or deviating strains of the downy mildew pathogen 
identified in the past few decades (Correll et al. 2011; Dhillon et al. 2020). Thus, screening and 
breeding for improved resistance remains a priority in spinach programs to keep pace with the 
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devastating pathogen. In this study, the response of the individual genotypes to the new race Pfs 
race 19 (UA2020-01E) supported the existing theory on the genetics of resistance to downy 
mildew pathogen in spinach. 
Most spinach genotypes are usually susceptible to a novel race across all growing 
regions. Also, some genotypes can have a quantitative form of resistance to the novel race of the 
downy mildew pathogen – ranging from partial or incomplete to complete resistance depending 
on the genetic background of the genotype (Correll et al. 2011). The characterization of 
resistance to the downy mildew pathogen in spinach using a cotyledon infection assay has been 
an age-long practice whereby attention is concentrated on qualitative resistance. Interestingly, a 
different form of resistance (quantitative) has been observed in recent years (Irish et al. 2003). A 
number of cultivars/genotypes were found to exhibit quantitative resistance to Pfs race 5 and 6 
(Irish et al. 2003). This discovery has since garnered considerable attention with respect to 
resistance quantification to races of the downy mildew pathogen in spinach. Robust resistance 
characterization can aid the incorporation of resistance into diverse spinach genetic background 
such as open-pollinated cultivars or hybrid. The resistance pattern in spinach is currently not 
fully understood. Like response to the previous races of the pathogen, the response of the 
individual spinach cultivars/genotypes in this study revealed that resistance to this novel race is 
likely controlled by a single gene (alleles) and that very few genes or multiple alleles are likely 
involved in resistance conditioning to each race of the downy mildew pathogen. Since the 
commercial cultivars used in this study are hybrids with different genetic background, the 
understanding of the resistance pattern seems confounded in the type of genetic background 
conferring resistance to the tested race. As quantitative resistance becomes more prominent in 
spinach, a focus on intensive field evaluation for resistance characterization to the downy mildew 
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pathogen would lead to the identification of a more robust and durable resistance sources (Irish 
et al. 2003). These would establish and provide a platform whereby multiple genes controlling 
resistance to all known races of the pathogen can be potentially incorporated into a genetic 
background. 
Molecular characterization of the commercial cultivars at the RPF loci 
 
In this study, we relied on previously identified molecular markers (RPF1-3, RPF3-2 and 
RPF3-7) – each robust for discriminating resistance; RPF1-3 at the RPF1 locus and the other two 
at the RPF3 locus (Feng et al. 2018b). All cultivars except Minkar, Sunangel and Tacoma were 
revealed to possess an allele linked to resistance at the RPF1 locus. While it may be tempting to 
assume that those without amplicon do not possess resistance allele at the locus, they are hybrids 
with possible possession of the resistance allele at the RPF1 locus. The RPF1 locus is known to 
control resistance to many documented downy mildew races (Irish et al. 2008). Owing to the 
genetic architecture governing resistance to the downy mildew pathogen of spinach, it will be 
difificult to make inference based on the RPF1-3 marker data and disease reaction in this study 
especially since the RPF1 is not considered a possible ‘sole’ candidate region (without linkage) 
conferring resistance. We then focused only on the RPF3 locus (as noted on Table B3) since 
findings from pathogenicity assays has strongly implicated the (RPF3) locus to be a possible 
region conferring resistance to this new P. effusa strain. 
To have an idea if allele at the RPF3 locus contributes resistance to the new race (Pfs 19), 
two dominant molecular marker (RPF3-2 and RPF3-7) was used to screen the panel. The RPF3-2 
marker is known to be tightly linked to three RPF loci including RPF3, while the RPF3-7 is 
specific to the RPF3 locus (Feng et al. 2018b). A large number of the tested cultivars including 
susceptible cultivars (to Pfs race 19) were observed to possess allele ‘associated’ with resistance 
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when the RPF3-2 marker was used. However, based on the marker data and the disease reactions 
from this study, there are not enough evidence to support that the susceptible cultivars possess 
resistance allele at the RPF3 locus; though the resistant cultivars with matching associated 
amplicon can be predicted to truly possess resistance allele at the locus. Moreover, it is worthy of 
note that the RPF3-2 marker is known to be linked to at least the first three identified RPF loci 
with a possible linkage with other unknown RPF loci (Feng et al. 2018b). With the speculation 
of the RPF3 locus lieing between the RPF1 and RPF2 loci on chromosome 3 in the spinach 
genome, it may be safe to predict that allele present at the RPF3 locus in each (susceptible) 
genotype as observed from the marker data in this study, may not necessarily be linked to 
resistance (to Pfs 01E) imparted by the RPF3 locus. Thus, it might have been a result of close 
linkage of the RPF3 locus with other loci especially RPF1 and RPF2. Clearly, it would be 
difficult to ascertain the true locus/region conferring resistance to Pfs race 19 (UA2020-01E) 
without the use of a locus-specific marker. 
The data generated when a locus-specific marker (RPF3-7) was used provided better 
insight into the genetics of resistance to the new Pfs strain as it delimited and shed light on the 
underlying putative locus implicated in the resistance conferment. As a locus-specific marker, 
the use of RPF3-7 revealed the cultivars with resistance allele (200bp) as well as those without 
resistance allele, which aided the discrimination of resistant and susceptible cultivars. The RPF3- 
7 marker confirmed that the 15 cultivars/genotypes for whom resistance allele were correctly 
identified in the diverse panel, likely contain the gene(s) controlling resistance at the RPF3 locus 
to Pfs 19 – hence supporting the established hypothesis on the impact of RPF3 locus in the 
resistance conferment. Further, the RPF3-7 marker identified one of the additional cultivars, 
Cocopah (based on infection assay), as susceptible due to lack of resistance allele. Expectedly, 
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the marker result validated the pathogenicity assays which previously identified most of the 
resistant cultivars. However, the allele associated with resistance was also identified in four 
susceptible cultivars which revealed the drawback in the use of this specific molecular marker 
for evaluating those four cultivars. The inconsistency can be attributed to a number of factors 
especially during the development of the molecular marker. First, the marker might not be close 
enough to the exact region (loose linkage) controlling resistance and as such, allowed false 
positive detection of resistance allele (non-functional allele) in susceptible cultivars (Collard and 
Mackill 2008). Typically, a robust marker is expected to reliably serve as a diagnostic tool 
especially in a molecular breeding program which focus on disease resistance such as downy 
mildew resistance in spinach. However, it is practically difficult to achieve 100% accuracy of 
marker efficiency. This is a common challenge in other pathosystems like the wheat-Puccinia 
graminis – where an SSR maker putatively linked to the stem rust resistance (Sr2) gene failed to 
discriminate four susceptible wheat cultivars from other resistant cultivars (Spielmeyer et al. 
2003). Another limiting factor could be the population size with which the marker was 
developed. Population size has been identified to be a major factor in the process (linkage/QTL 
mapping) of marker development; and this might explain why the power of the marker was 
limited for those four cultivars (Kearsey and Farquhar. 1998). 
Resistance characterization can be cumbersome with limited tools. In this study, seven 
resistant cultivars had no amplification even in three PCR rounds. These resistant cultivars in the 
panel for whom no resistance allele was identified can be described to have a different genetic 
background which served as novel resistance source different from the known/identified sources. 
The fact that the resistant cultivars are hybrid might give some indication about the genetic 
background of the parents from which they were derived. Consequently, it could be hypothesized 
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that a different putative locus (other than RPF3) was responsible for the distinct resistance 
response. Theoretically, the underlying putative locus might be novel and very closely linked to 
RPF3; which would explain why the RPF3-7 marker was able to detect the resistance allele 
(200bp) in some resistant cultivars. The identification of this ‘novel’ locus will be an important 
factor in developing resistance to the novel race of the new downy mildew pathogen tested in 
this study. While it is not completely clear whether a single gene confers resistance to a single 
race of the downy mildew pathogen, results from this study supports that downy mildew 
resistance in spinach is likely conditioned by single or very few linked-genes. Similar to the 
lettuce-Bremia pathosystem (Simko et al. 2015), effective resistance to the Pfs races will likely 
involve the incorporation of resistance from multiple loci into a common genetic background. 
Resistance characterization combining pathogenicity assay and molecular markers is 
often marred by discrepancies majorly in disease response to the corresponding marker data. 
This type of discrepancy has been reported in many pathosystems such as rice-Magnaporthe 
(RoyChowdhury et al. 2012). Importantly, the diverse genetic background of the commercial 
cultivars might be a major factor influencing the allelic combination or status of a genotype. 
Moreover, some spinach genotypes have been hypothesized to show a differential response to a 
given Pfs race when resistance allele is present in heterozygous combination at a specific locus. 
However, it is still not clear how this allelic combination impact resistance. An established 
theory explaining the discrepancy between marker data and infection assay results, would be the 
linkage existing between the marker and the resistance allele (Miklas et al. 1993). Intensive 
marker evaluation and PCR product validation via sequencing can shed light on the resistance 
architecture as revealed by the marker in this study. Also, genetic analysis using advanced 
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breeding population (like F2:3) derived via selection for resistance to this novel race, can resolve 
the complexity of linkage and identify the underlying putative RPF locus. 
Conclusion 
 
The evaluation of downy mildew resistance in spinach was conducted by (1) screening a 
set of hybrids for incomplete resistance to Pfs race 5, (2) screening a biparental F2 population for 
complete dominant resistance to race 5 of the downy mildew pathogen, and (3) characterizing 
commercial cultivars for resistance to the new race, Pfs 19 using a pathogenicity assay and 
molecular marker. Disease incidence and severity were used as phenotypic traits to assess 
resistance. Results from this study strengthened our understanding on the genetics of downy 
mildew resistance in spinach and revealed a number of cultivars that can be used to introgress 
locus/genes controlling resistance to the novel race of the downy mildew pathogen in spinach. 
Finally, this study provided insight into the resistance pattern against the devastating pathogen 
and revealed the robustness in the combined adoption of pathogenicity assays and molecular 
marker for downy mildew resistance evaluation in spinach. 
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Table B1. Disease response of a set of spinach genotypes to Pfs race 5 under 



















Viroflay rr rr + + 100.0 87.2 
Califlay rr RR - - 0.0 0.0 
F1c rr Rr ? - 0.0 0.0 
F1 Rr rr - - 0.0 0.0 
NIL3 rr RR - - 0.0 0.0 
NIL1 RR rr - - 0.0 0.0 
Lion Rr Rr - - 0.0 0.0 
aEach test consisted of 3 replicates with 15 plants per genotype. Cotyledons: ‘+’ indicates >85% 
of the seedlings showed evidence of infection and sporulation after 7 days, ‘-’ indicates <15% of 
the seedlings showed evidence of infection and sporulation after 7 days. ? = means reaction 
undetermined 
bDisease severity was calculated using the mean disease response (severity) of all replicates in all 
tests for each genotype based on true leaf infection. True leaves were rated on a scale of 0 to 4, 0 
(no symptom and 0% disease severity), 1 (1-25 % chlorosis and necrosis), 2 (26-50 % chlorosis 
and necrosis), 3 (51-75 % chlorosis and necrosis), and 4 (76-100 % chlorosis and necrosis) 
respectively. 
cThe genotype (NIL3 x Viroflay) investigated for incomplete resistance.. 
RR = homozygous resistance; Rr = heterozygous resistance; rr = homozygous susceptible 
 
Table B2. Disease response of Viroflay x Califlay F2 populations to Pfs race 5 
under greenhouse conditions in two independent tests 
 
Test Responsea Deviation (O – E)b (O – E)2 (O – E)2/E X2 




   Observed  102     








  Observed 49.0  






aNumber of plants expected and observed for each disease response category in each test. 
bDifference between expected and observed frequencies of disease response categories. 
Chi-square values (X2) were not significantly different from a 3:1 segregation ratio if <3.84 at 
the P = 0.05 level. 
 
 
Table B3. Disease reactions, mean separation and marker evaluation of commercial spinach cultivars inoculated 
with Pfs race 19 (UA2020-01E) in two independent greenhouse inoculation tests 
Cotyledona True leavesb   
Cultivar 
Lane 
Source Test 1 Test 2 
 
Test 1 Test 2 
Mean 
RPF3 resistance alleled 
no* Severityc 
Califlay … U of A - -  0 0 0.0a + 
C7-613 3 Sakata - -  0 0 0.0a + 
Cabezon 4 RZ - -  0 0 0.0a + 
Crater 5 BASF - -  0 0 0.0a + 
Escalade 8 ENZA - -  0 0 0.0a + 
Lakeside 9 Sakata - -  0 0 0.0a + 
Minkar 10 BASF - -  0 0 0.0a + 
Riverside 15 Sakata - -  0 0 0.0a + 
Seaside 16 Sakata - -  0 0 0.0a + 
Spoonbill 17 RZ - -  0 0 0.0a + 
Sunangel 18 RZ - -  0 0 0.0a + 
SV1864VC 19 Bayer - -  0 0 0.0a + 
Trailboss 22 ENZA - -  0 0 0.0a + 
Yukon 25 ENZA - -  0 0 0.0a + 
Whale 23 RZ - -  0 0 0.0a + 
Crosstrek 6 ENZA - -  0 0 0.0a - 
Dracus 7 BASF - -  0 0 0.0a - 
Nembus 11 BASF - -  0 0 0.0a - 
Pawnee 12 PV - -  0 0 0.0a - 
Regor 14 BASF - -  0 0 0.0a - 
Tabit 20 BASF - -  0 0 0.0a - 
Tacoma 21 ENZA - -  0 0 0.0a - 
Alcor 26 BASF + +  68 81.6 74.8b - 
Midway 30 Bayer + +  87.5 87.5 87.5b - 
Patton 32 Bejo + +  87.5 87.5 87.5b - 
Platypus 33 RZ + +  81.3 87.5 84.4b - 






Table B3. Disease reactions, mean separation and marker evaluation of commercial spinach cultivars inoculated with Pfs race 19 
(UA2020-01E) in two independent greenhouse inoculation tests (Cont.) 
Cotyledona True leavesb   
Cultivar 
Lane 
Source Test 1 Test 2 
 
Test 1 Test 2 
Mean 
RPF3 resistance alleled 
no* Severityc 
PV1512/Bandera 35 PV + +  87.5 87.5 87.5b - 
PV1513/Dallas 36 PV + +  87.5 70.8 79.2b - 
PV1514/Laredo 37 PV + +  87.5 67.2 77.4b - 
Red Kitten 38 RZ + +  87.5 87.5 87.5b - 
SV2146VB 39 Bayer + +  87.5 87.5 87.5b - 
SV2157VB 40 Bayer + +  87.5 87.5 87.5b - 
SV3580VC 41 Bayer + +  87.5 87.5 87.5b - 
Viroflay … U of A + +  87.5 87.5 87.5b - 
Corvus 27 BASF + +  87.5 87.5 87.5b + 
El Prado 28 Syngenta + +  87.5 87.5 87.5b + 
Magnetic 29 Bayer + +  87.5 87.5 87.5b + 
Nevada 31 PV + +  87.5 87.5 87.5b + 
5998 1 Bayer … …  … … … - 
Bylot 2 Bayer … …  … … … - 
PV1449/Cocopah 13 PV … …  … … … - 
Tundra 24 ENZA … …  … … … + 
HSD(0.05) … … … …  … … 4.2 ... 
aCotyledons: ‘+’ indicates >85% of the seedlings showed evidence of infection and sporulation after 7 days, ‘-’ indicates <15% of the 
seedlings showed evidence of infection and sporulation after 7 days and ‘+/-’ indicates an intermediate reaction between 15% and 
85%. True leaves were rated on a scale of 0 to 4, 0 (no symptom and 0% disease severity), 1 (1-25 % chlorosis and necrosis), 2 (26-50 
% chlorosis and necrosis), 3 (51-75 % chlorosis and necrosis), and 4 (76-100 % chlorosis and necrosis) respectively. Numbers in 
parentheses indicate percentage of cotyledons that were susceptible. 
bDisease severity (DS) on true leaves (with at least 5 plants per genotype per test) was calculated using the mid-point of the range of 
each disease category (0-4) with the formula: DS = [(A*0) + (B*12.5) +(C*37.5) + (D*62.5) + (E*87.5)] / (A+B+C+D+E), where A, 
B, C, D, and E represents each rating value (0-4) as described above. 
cCombined means of two tests. Means followed by the same letter in the column are not significantly different following the Tukey’s 






dIndicates absence or presence of resistance-associated allele (200bp) at the RPF3 locus based on three independent PCR (RPF3-7) 
marker assays (Feng et al. 2018). 
+ = presence of putative resistance allele; - = absence of putative resistance allele; * = well or lane number on (1.5%) agarose gel 
 
 
Table B4. Primers of markers used to evaluate the spinach commercial cultivars at RPF 1 and 3 loci 
Marker Forward Reverse Target locus Source 
RPF1-3 ACGGAGGGACTAATGGACTA GTGAACCAACACATATCACAA RPF1 Indel 
RPF3-2 GAATTTGAGCTCTTCTTTGAG TAGGGCACACGATGACACGA RPF1, 2, 3 Indel 
RPF3-7a CTAATGCCCATATTATAGGAAA GTAATTCCTTATTCGCCAAGT RPF3 Indel 









































Model 38 140698.0 3703.0 316.0 <.0001 
 Error 39 457.2 11.7   




Figure B1. The evaluation of the genotypes was done using this design in trays. The four near 







Figure B2. Number of resistant and susceptible cultivars (of the 39 cultivars) qualitatively 




Figure B3. Evaluation of spinach commercial cultivars using a dominant marker, RPF1-3 at the 
RPF1 locus: Lane/well labelled ‘M’ was a 1kb DNA ladder; Lanes 1-41, commercial cultivars, 




Figure B4. Evaluation of spinach commercial cultivars using a dominant marker, RPF3-2 at the 
RPF3 locus: Lane/well labelled ‘M’ was a 1kb DNA ladder; Lanes 1-41, commercial cultivars, 




Figure B5. Evaluation of spinach commercial cultivars using a dominant marker, RPF3-7 at the 
RPF3 locus. Resistance-associated allele identified to be 200bp amplicon (Feng et al. 2018). 
Lane/well labelled ‘M’ was a 1kb DNA ladder; Lanes 1-41, commercial cultivars, other labelled 
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Chapter 3. Genome-wide Association Study of Resistance to Downy Mildew Pathogen Pfs 
 




Downy mildew is arguably the most important disease of spinach. The obligate pathogen, 
Peronospora effusa, is the causal pathogen inflicting this disease on spinach. The use of host 
plant resistance is an economic option to manage this devastating pathogen. The genetic 
architecture of resistance to this pathogen is not fully understood. Previous genetic analyses 
largely considered biparental populations for studying downy mildew resistance architecture. 
Using a diverse set of 251 spinach global accessions comprising of USDA germplasm and 
commercial cultivars, we evaluated resistance to race 5 of the downy pathogen under greenhouse 
conditions. Using 10,426 high quality SNPs and statistical models, we identified several SNPs 
associated with resistance to Pfs race 5 via genome-wide association analyses. A total of 41 
significantly associated SNPs were identified in all the six chromosomes except chromosome 2. 
Genetic analysis revealed many of the identified SNPs to be located on chromosome 3 where 
candidate resistance genes had been predicted to lie. Hence, our results compares closely with 
published reports. Unexpectedly, we identified novel associated SNPs on chromosomes 1, 4, 5 
and 6, though the validity of the SNPs will need to be resolved since the known RPF loci have 
been entirely localized on chromosome 3. Potentially, the validity of the result will inform more 
about the genetic architecture controlling downy mildew resistance in spinach. Our study 
provided useful information into the genetic control of the trait, and confirmed spinach 
accessions that can be used for downy mildew resistance breeding. Finally, our results represents 
the first association study by GWAS for downy mildew resistance to a Pfs race conducted using 




Spinach (Spinaciae oleracea), (2n=12), is an important leafy vegetable crop in the world 
especially in the U.S., Europe and Asia (Correll et al. 1994; Correll et al. 2011). Spinach has a 
good number of mineral elements that are beneficial to human health (Morelock and Correll 
2008). Biotic stress constitutes one of the limiting factors in spinach production globally even as 
the entire world pursue food security. Downy mildew of spinach remains a threat to the spinach 
production industry (Correll et al. 2011). The use of resistant cultivars/genotypes for managing 
this devastating disease has been considered the most economical option especially in the 
organic industry. In spinach growing regions especially the U.S., downy mildew has been 
impacting productivity due to the constant emergence of new Pfs races . Some of the implicated 
factors include; the use of cultivars/genotypes with few combination of resistance loci/genes; 
monoculture practices as well as spinach green materials which usually causes “green bridges” 
that allows a form of inoculum carry-over causing colonization by Pfs from previous growing 
season (Correll et al. 2011; Feng et al. 2018a). Breeding for downy mildew resistance in spinach 
will be more efficient if the genetic architecture can be unraveled. Considerable efforts have 
been channeled towards understanding the genetic nature of downy mildew resistance in spinach 
which has resulted in discovery of predictive molecular markers (Correll et al. 2011; Feng et al. 
2018b; Irish et al. 2008). Since the genetic characterization of the first RPF locus (RPF1) which 
was mapped to chromosome 3 and for which the first co-dominant marker (DM1) was developed 
(Irish et al. 2008), there have been substantial development of genetic and genomic resources for 
improving resistance to P. effusa in spinach. 
Recent advances in technology have led to the development of powerful genomic tools 
(Collins et al. 2019) that have impacted genetic discoveries. The recent genomic era has ushered 
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in various platforms with more precise tools. Such is the adoption of single nucleotide 
polymorphism (SNP) markers over existing tools such as Restriction Fragment Length 
Polymorphism (RFLP), Amplified Fragment Length Polymorphism (AFLP) etc. The recent 
advances in sequencing technologies have made the discoveries of SNPs markers more efficient. 
Modern sequencing methods such as genotyping by sequencing enables fast retrieval of SNPs for 
conducting genetic studies in any crop (Bradbury et al. 2007; Elshire et al. 2012; Poland and Rife 
2012). The sequencing of spinach genome also provided resources for genetic and molecular 
studies (Dohm et al. 2014; Xu et al. 2017). The development of a whole genome resequencing 
method for identifying critical variants (SNPs) in crop genotypes has created a new frontier in 
the world of genetic studies. Essentially, spinach genotypes can now be easily re-sequenced and 
high quality SNPs can be discovered which are potentially useful for genetic studies such as 
association studies of downy mildew resistance (Gramazio et al. 2019). 
The advances in technology have enabled the validation of the previously developed co- 
dominant marker (DM1) and the subsequent development of new tightly-linked co-dominant 
markers to RPF1-3 loci. Essentially, these three RPF loci were mapped to a 1.5Mb region of 
chromosome 3 (Feng et al. 2015; Feng et al. 2018b). More recently, molecular fine mapping 
delimited the RPF1 locus to a 0.89Mb region with the prediction of three likely genes within this 
region (She et al. 2018). A total of six RPF loci have been hypothesized for downy mildew 
resistance in spinach (Correll et al. 2011). Linkage-based mapping has been used in most 
marker-trait association studies on downy mildew resistance in spinach. This strategy has limited 
resolution owing to the few number of recombination events in the population used (Feng et al. 
2018b). 
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GWAS is a powerful approach with higher mapping resolution due to huge 
recombination events in diverse association panel which aids genome-wide scans for potential 
causal variants for any trait of interest. GWAS are now commonly used to conduct marker-trait 
analysis and can provide good information as regards the genetics of downy mildew resistance in 
spinach. GWAS has been used for several traits in many crops including lettuce (Kandel et al. 
2020) and spinach. GWAS studies in spinach have been conducted for several traits including; 
bolting, tallness and erectness (Chitwood et al. 2016); oxalate concentration in spinach leaves 
(Shi et al. 2016a); leafminer resistance (Shi and Mou, 2016); verticillium wilt resistance (Shi et 
al. 2016b) and stemphylium leaf spot resistance (Shi et al. 2016c). Recently, Bhattarai et al. 
(2020) conducted GWAS on a set of mixed biparental populations. The results obtained provided 
insight on the genetic architecture of downy mildew resistance (to race 13) in spinach, refining 
the RPF1 locus to a 0.39Mb region on chromosome 3 with more promising candidate genes 
identified near the RPF1 locus. However, the set of population used for the association mapping 
lacked substantial diversity which limits the power of GWAS for conducting association analysis 
and detecting significantly-associated single nucleotide polymorphisms (SNPs) to downy mildew 
resistance in a diverse association panel. In another study (Bhattarai et al. 2019), GWAS was 
conducted using the United State Department of Agriculture (USDA) spinach collection for 
resistance to the downy pathogen under natural field conditions with natural inoculum pressure. 
A total of nineteen (19) SNP markers associated with reduced downy mildew disease ratings 
were identified in all the model used for conducting association mapping. These reported 
(GWAS) results provided a platform for conducting a corroborating study which involved 
conducting a new and an independent research on the USDA germplasm and other panel under 
greenhouse and growth chamber conditions particularly to Pfs race 5. At the initiation of this 
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study, no GWAS had been formally reported for resistance to Pfs races especially race 5 under 
greenhouse and growth chamber conditions. 
Predictive breeding through genomic selection is increasingly becoming a vital tool for 
crop improvement. Genomic selection involves the selection of individuals’ performance within 
a population based on genomic estimated breeding values (GEBV) (Hayes et al. 2009). The 
decreasing cost of DNA sequencing makes genomic selection affordable and more powerful due 
to the number of high-density markers available across the genome. Genomic selection has been 
shown to be more efficient over the traditional Marker Assisted Selection (MAS), and especially 
when dealing with small effect QTLs. Though it might pose some economic restraints, GS can 
be potentially useful for resolving the complexity associated with intermediate downy mildew 
resistance in spinach (Heffner et al. 2009). The objectives of this study were to conduct GWAS 
for downy mildew resistance in spinach under greenhouse and growth chamber conditions with 
Pfs race 5, and identify SNP markers significantly-associated with downy mildew resistance in 
spinach. 
 
Materials and Methods 
 
Plant materials and growth 
 
An association panel comprising of 350 spinach genotypes from the United States 
Department of Agriculture (USDA) Germplasm Resources Information Network (GRIN) and 
commercial cultivars/hybrids was considered. The association panel represented spinach 
accessions collected from spinach growing regions of the world. Due to poor seed germination or 
seedling growth, we used a subset of 251 genotypes comprising of 217 USDA accessions and 34 
commercial cultivars for GWA study. Each genotype/accession was planted by direct seeding (to 
get 5 plants/pot) into 4-inch pots fitted in flat trays and grown for two weeks before inoculation 
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(Irish et al. 2003) in the greenhouse of Harry R. Rosen Alternative Pest Control of the University 
of Arkansas, Fayetteville, AR during late spring (started March) and fall 2020 in two 
independent trials. The first trial was conducted with two replicates and the second trial, with 
three replicates. Plants were grown in the greenhouse following standard practices (Irish et al. 
2003). 
 
Experiment and downy mildew resistance phenotyping 
 
Race 5 of the downy mildew pathogen (Pfs) was used to inoculate the association panels 
in the two independent trials under greenhouse conditions. The standard dew chamber 
inoculation method (Irish et al. 2003; Feng et al. 2014) was followed. Briefly, Pfs sporangia were 
retrieved from sporulating spinach leaves and filtered through four layers of cheesecloth. Each 
flat containing pots of plants was inoculated with 30ml (105 sporangia/ml) of inoculum using a 
Badger basic spray gun (model 250). The inoculated plants were immediately transferred to the 
dew chamber (100% relative humidity) for incubation at 18°C for 24 h. The plants were then 
moved to the growth chamber at 19°C with a 12 h light/12 h dark regime for consecutive 5 days. 
Again, the inoculated plants were transferred back to the dew chamber for 24 h to induce 
sporulation. Individual plants from each genotype was evaluated for downy mildew disease 
response qualitatively and quantitatively (Irish et al. 2003). Quantitative evaluation of true leaves 
was based on the standard scale of 0 to 4, with 0 = no sporulation; 1 = up to 25% leaf area 
covered with sporulation; 2 = 26 to 50% leaf area covered with sporulation; 3 = 51 to 75% leaf 
area covered with sporulation; and 4 = 76 to 100% leaf area covered with sporulation. The 
disease incidence and severity on each genotype was calculated using the standard method as 
thus: 
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Downy mildew disease severity (DS) on the genotypes was calculated using the mid-point 
of the range of each disease category (0-4) with the formula: DS = [(A*0) + (B*12.5) + (C*37.5) 
+ (D*62.5) + (E*87.5)] / (A+B+C+D+E), where A, B, C, D, and E represents the rating score (0- 
 
4) as described above. 
 
Phenotypic data analysis 
 
The downy mildew reaction data was used to generate descriptive statistics and also used for 
analysis of variance (ANOVA) in JMP Genomics 7 (SAS Institute, Cary, NC). In parallel, the data 
were also analyzed in R (R studio). Genotypes were grown in 4-inch pots where three pots 
represented three replicate. Each pot contained 5 plants/genotypes. Disease severity was used as 
the major index for phenotyping. The Tukey’s test was used for mean (severity) comparisons 
among genotypes at α = 0.05. For comparing downy mildew response in this study, correlation 
analysis was conducted on the two trials. 
DNA extraction, WGR, SNP discovery and filtering 
 
The SNP data used in this study were derived from available sequence data generated via 
whole genome resequencing at 10X spinach genome coverage with 10 GB sequence data for 
each spinach genoype. Genomic DNA was extracted from freeze-dried leaves of spinach plants 
using the CTAB method (as in Kisha et al. 1997). Before sequencing, qualified DNA for each 
sample was randomly sheared into 350-bp fragments by Covaris Ultrasonic Processor. The 
construction of the DNA libraries was accomplished through the process of end repairing, adding 
A to tails, purification, PCR amplification and library qualification (van Dijk et al. 2014). The 
DNA libraries were constructed in BGI (https://www.bgi.com/) and pair-end sequenced by 
Illumina NovaSeq System Sequencer (https://www.illumina.com/systems/sequencing- 
platforms.html). The short-read sequence data (350bp) were analyzed using the SOAP family 
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software (Li et al. 2009; Li et al. 2010; Li et al. 2011) for SNP discovery and genotyping. Over 1 
million SNPs were discovered and filtered to 200,000 for each chromosome with minor allele 
frequency (MAF) threshold at >2% for SNP calling; missing at <30% and heterogeneity <50%. 
1100 SNPs were randomly selected for chromosomes 1, 2 5, and 6 and 2200 SNPs from 
chromosomes 3 and 4. Essentially, a total 8800 high quality SNPs were selected for creating the 
covariates (Principal Components and Kinship) and a total of 10,426 SNPs (with 10 overlapping 
SNPs) were used for association analysis. 
Principal components and Kinship matrices generation 
 
Principal components were created using the GAPIT tools implemented in R. A total of 
10 principal components were created and top 3 accounting for the most variation were used for 
covariate incorporation prior to association (GWAS) analysis. Similarly, Kinship was generated 
within the GAPIT tool implemented in R. Both the principal components and kinship were used 
to control potential spurious association due to existing population structure and relatedness in 
the association panel (Lipka et al. 2012). 
Association analysis 
 
Downy mildew phenotypic data generated using the 251 accessions/genotypes and 
10,426 SNPs were used to conduct GWA analysis by using multiple models implemented in 
TASSEL 5 (Bradbury et al. 2007) and FARMCPU implemented in R (Liu et al. 2016). All 
inbuilt-models were considered in TASSEL 5. Models included; single marker regression (SMR) 
for all SNPs without incorporating covariates, general linear model (GLM) using the three 
generated principal components; and the mixed linear model(MLM) which incorporates both 
principal components and kinship for testing associated SNPs. Also, a fixed and random model 
Circulating Probability Unification (FarmCPU), that uses a set of markers associated with a 
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causal gene as cofactor instead of kinship to avoid overfitting and counfounding effect between 
kinship and markers, was used to test association for all SNPs. Overall, the LOD (= -log(p- 
value)) threshold for significant SNPs was fixed based on Bonferroni correction at 5.3 for mixed 




Disease severity response among the association panel to Pfs race 5 
 
The association panel comprising of 251 genotypes was evaluated for resistance to Pfs race 
5 under greenhouse condition. Downy mildew mean severity was used to assess the degree of 
resistance and susceptibility to the downy mildew pathogen. Data were negatively skewed to the 
left(most were mostly susceptible) in both independent trials (Figure C1). Mean disease severity 
observed in association panel was 74.1 with standard deviation of 30.3. In the second trial, mean 
disease severity was 73.2 with standard deviation of 30.4. Overall severity means in the two trials 
was 73.6 with standard deviation of 30.4(Table C1). This implied that the result was fairly 
consistent in the two trials. The commercial genotypes constituted the complete resistance sources 
in this association panel. Unexpectedly, some genotypes among the USDA germplasm accessions 
showed quantitative response to the Pfs race. Notably, accessions such as PI604780, PI604787 and 
PI648963 showed low disease severity in the two trials suggesting quantitative type of resistance 
to the downy mildew pathogen race. Correlation analysis of mean severity response between the 
two trials (r =0.97) indicated that our result was consistent and robust to proceed to association 
analysis (Table C2). Analysis of variance revealed the effect of genotypes on severity response. 
Mean separation by Tukey’s test following ANOVA revealed the variation among the genotypes 
for resistance response to the Pfs race (Table C3). 
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Association analysis for resistance to Pfs race 5 
 
Association analysis was conducted using mixed models in TASSEL5 as well as FarmCPU 
implemented in R. Across the models considered in this study, several significantly-associated 
SNPs with high LOD score were identified. Specifically, SNPs with LOD value higher than 5.2 
were noted for the mixed models in both TASSEL5 and FarmCPU. Q-Q plot and Manhattan plot 
were drawn in TASSEL 5 and the FarmCPU program in R. A total of 41 SNPs ‘associated’ with 
resistance to Pfs race 5 were identified in both TASSEL5 and the FarmCPU program. Two SNPs 
(chr3_484345 and chr3_486179) with LOD value of 58.46 were identified on chromosome 3 in 
TASSEL 5 using the SMR model. In GLM, a LOD value of 15.46 and 14.77 was observed for the 
two SNPs respectively. Similarly, a LOD value of 5.5 and 6.0 was observed when MLM was 
considered. This suggest the two SNPs may be linked to resistance to Pfs race 5. 
Beside these two SNPs, 16 additional SNPs were found to be associated with resistance majorly 
on chromosome 3 and 4. In FarmCPU, 16 total SNPs including the ‘common’ SNP(chr3_486179) 
were found to be highly associated with resistance. The SNPs were found mostly on chromosomes 
3 with new few ones on chromosomes 1, 4, 5 and 6 of spinach (Table C5 & C6) (Figure C2 & C3). 
The SNP (chr3_486179), found on chromosome 3 was observed in all models and programs. 
Notably, it was the only SNP found accross all models. The SNP had a very high LOD value 
ranging from 6 to 58 across all the models used. R-square values for the SNP varied from 11 to 




The adoption of host plant resistance in the control of the downy mildew pathogen of 
spinach offers effective control method to ensure sustainable spinach production. As the arms race 
continues between spinach and P. effusa, the deployment of effective genomic tools is critical to 
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ensure corresponding production targeted at meeting the need of the expanding spinach market 
(Correll et al. 2011). The genetic dissection of the underlying architecture controlling resistance to 
P.effusa is an important component of breeding programs focused on marker-aided selection. 
Genetic analysis using biparental populations has been the age-long practice in breeding programs. 
Usually, understanding resistance architecture and mechanism can be a daunting task especially 
for a biotrophic and obligate pathogen such as the downy mildew pathogen, P. effusa. The 
exploration of diverse genetic resources can potentially resolve the complexities surrounding the 
rapid emergence of new P. effusa races and the breaking or overcoming of resistance earlier 
established in the host plant. Mining genetic resources from plants of diverse background can 
create a platform for the incorporation of several resistance genes/loci into a common genetic 
background. GWAS has proven effective in improving several traits in many crops. Unlimited 
scanning of the genome for ‘possible’ causal variants is a powerful feature with which GWAS 
unravels the genetic architecture underlying most complex traits. The deployment of this tool will 
lead to the development of effective molecular markers and will potentially improve resistance to 
the downy mildew pathogen of spinach. 
The evaluation of an association panel comprising of USDA germplasm and commercial 
cultivars for resistance to Pfs race 5 revealed the variability existing among the genotypes 
considered in this study. The left-skewness of the distribution can be majorly attributed to the high 
number of susceptible genotypes in the association panel. This explains the reason for the high 
mean severity value (74%) observed in this study. Analysis of variance revealed the difference in 
response to Pfs race 5 among the genotypes. Since the success of any marker-trait analysis requires 
accurate phenotypic measurement, we phenotyped the association panel twice for downy mildew 
response and also used correlation analysis to test the reliability of the disease severity 
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measurement in the two independent trials. Our results indicated consistencies and the data was 
deemed fit for conducting association analysis. Conducting phylogenetic analysis on selected 
resistant lines in this study revealed the relatedness among the commercial cultivars (Figure C4). 
The commercial cultivars had been previously characterized phylogenetically to belong to a 
different cluster different from the USDA collection (Shi et al. 2017). These resistant commercial 
cultivars contributed to the dissection of resistance (to Pfs race 5) architecture in this study. 
Association analysis for identifying downy mildew resistance (to Pfs race 5) associated 
SNPs was conducted using inbuilt models in TASSEL 5 (Bradbury et al. 2007) as well as the Fixed 
and random model Circulating Probability Unification implemented in R (Liu et al. 2016). 
Association analysis basically involves the testing of individual SNP for possible association to a 
trait of interest such as resistance to Pfs race 5. While GWAS can accurately reveal causal variant, 
it is subject to error whereby spurious association is assumed to be true. Population structure and 
relatedness in association panels often contribute to the association flaws in GWAS. In this study, 
we used models that controlled for population structure and genetic relatedness by incorporating 
principal components and kinship matrices as covariates to find ‘true’ association between SNPs 
and resistance to Pfs race 5. We generated 10 principal components and used the first three 
accounting for most variation in GAPIT implemented in R (Lipka et al. 2012). We used the 
Bonferroni correction threshold (at 0.05) to control spurious associations. We used the entire 
model inbuilt in TASSEL 5 to detect associated SNPs. FarmCPU is another advanced program 
which facilitates the detection of precise association. The conservative model corrects for both 
false positive and false negative and allows the accurate detection of associated SNPs. 
In this study, we identified several SNPs putatively linked to resistance to Pfs race 5 in the 
diverse spinach panel. Most identified SNPs were localized around the previously-mapped region 
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of chromosome 3 where most resistance candidate genes were predicted to lie (She et al. 2018; 
Feng et al. 2018b). This region was hypothesized to contain at least the first three RPF loci (Correll 
et al. 2011; Feng et al. 2018b). The recent application of GWAS in a mixed biparental population 
allowed the refinement of the RPF1 locus, delimiting it to a 0.39Mb region though the full region 
extends to a 1.2Mb region on chromosome 3. They found associated SNPs localized within 1-7kb 
of some resistance genes including Spo12784, Spo12719, Spo12905 and Spo12821. Similarly, 
SNPs were identified within 11-18kb from Spo12903. Essentially, the RPF1 locus refinement 
makes case for a potential functional validation which would shed light on the genetic architecture 
governing resistance to P.effusa. Results from our study compares closely with the findings from 
the RPF1 locus refinement. We found similar and/or additional tightly associated SNPs close to 
the predicted resistance candidate gene based on SNPs positions. In addition to SNPs identified on 
chromosome 3, we identified some ‘associated’ SNPs on chromosomes 1, 4, 5 and 6. It could be 
tempting to present these SNPs (especially on chromosome 5) as promising. However, validation 
is needed to ascertain the genuineness of the association given that chromosome 3 is known to be 
the hotspot where most resistance loci/genes lies. In many crops, several novel quantitative trait 
loci or genes identified via GWAS have been reported due to the recent advances in technology 
(Li et al. 2016; Liu et al. 2020). Therefore, the eventual establishment of a new locus will expand 
the knowledge available on downy mildew resistance in spinach. 
The various associated SNPs identified in this study provided more information on the 
genetic architecture controlling resistance to Pfs race 5. Several associated SNPs (like 
Chr3_2019852 and Chr3_486179) had high LOD value which suggested that most of these SNPs 
are very close to the RPF loci and the predicted candidate resistance genes (Bhattarai et al. 2020; 
Feng et al. 2018b). The SNPs identified in this study will potentially advance resistance breeding 
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to manage the downy mildew pathogen as they could be deployed as Kompetitive allele specific 
PCR (KASP) markers to aid selection (Semagn et al. 2014). An ongoing attempt focusing on 
haplotype and candidate gene analysis will reveal more information on the associated SNPs, as 
well as advance the knowledge needed for potentially pursuing functional validation of candidate 




In this study, we evaluated a diverse panel comprising of USDA collections and 
commercial cultivars for resistance to Pfs race 5. The USDA collection is largely susceptible to 
the downy mildew pathogen race 5 with a few accession like PI604780, PI604787, PI648942 and 
PI222838 showing quantitative resistance. Here we present the first report of association analysis 
by GWAS on the USDA and commercial diverse panel for resistance to race 5 of the downy 
mildew pathogen and identified significant associated SNPs that could be pursued and used for 
making selections as well as improve resistance breeding to diverse race of the downy mildew 
pathogen. A total of 10,426 high quality SNPs were used to conduct association analysis for 
resistance to Pfs race 5. A total of 41 associated SNPs were identified. Notably, two highly 
associated SNPs (chr3_484345 and chr3_486179) were identified on chromosome 3. Efforts are 
currently underway on conducting haplotype and candidate gene analysis to have a clear 
understanding on the genetic architecture underlying resistance to the downy mildew pathogen 
race 5 in spinach. 
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Table C1. Descriptive statistics for downy mildew severity in 251 genotypes inoculated with Pfs 
race 5 in two independent tests 
Statistics Trial 1 Trial 2 Overall Trial 
Mean 74.1 73.2 73.6 
Standard Error 1.4 1.1 0.9 
Median 87.5 87.5 87.5 
Mode 87.5 87.5 87.5 
Standard Deviation 30.3 30.4 30.4 
Sample Variance 917.2 926.3 922.1 
Kurtosis 2.0 1.7 1.8 
Skewness -2.0 -1.9 -1.9 
Range 87.5 87.5 87.5 
Minimum 0.0 0.0 0.0 
Maximum 87.5 87.5 87.5 
Sum 37207.9 55152.0 92359.9 
Count 502.0 753.0 1255.0 
Confidence Level(95.0%) 2.7 2.2 1.7 
 
Table C2. Correlation analysis for downy mildew severity in 251 genotypes inoculated with Pfs 
race 5 in two trials 
 Severity_I Severity_II 
Severity_I 1  
Severity_II 0.97 1 
 
Table C3. ANOVA for downy mildew severity in 251 genotypes inoculated with Pfs race 5 in 
two trials 
 
 Source DF Sum of Squares F Ratio Prob > F  
 Line 250 451258.4 55.0 4.70E-147  
 Source DF Sum of Squares Mean Square F Ratio Prob > F 
Severity_I Model 250 451258.4 1805.0 55.0 4.74E-147 
 Error 251 8240.4 32.8   
 Total 501 459498.8    
 Source DF Sum of Squares F Ratio Prob > F  
 Line 250 683978.2 109.1 <.0001*  
 Source DF Sum of Squares Mean Square F Ratio Prob > F 
Severity_II Model 250 683978.2 2735.9 109.1 <.0001* 
 Error 502 12589.2 25.1   
 C. Total 752 696567.5    
. 
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Table C4: Mean downy mildew severity response in 251 genotypes inoculated with Pfs race 5 in 
two trials 
Line Source Line Trial_Ix Line Trial_IIy 
Alcor BASF Alcor 0.0 Alcor 0.0 
Baboon NA Baboon 0.0 Baboon 0.0 
Bandicoot RZ Bandicoot 0.0 Bandicoot 0.0 
Bonobo RZ Bonobo 0.0 Bonobo 0.0 
Canapus NA Canapus 0.0 Canapus 0.0 
Colusa/PV1445 PV Colusa/PV1445 0.0 Colusa/PV1445 0.0 
Corvus BASF Corvus 0.0 Corvus 0.0 
El Prado-SP967 Sygenta El Prado-SP967 0.0 El Prado-SP967 0.0 
El Rio-SP975 Sygenta El Rio-SP975 0.0 El Rio-SP975 0.0 
Eland NA Eland 0.0 Eland 0.0 
Finwhale RZ Finwhale 0.0 Finwhale 0.0 
Galah NA Galah 0.0 Galah 0.0 
Kiowa/PV1446 NA Kiowa/PV1446 0.0 Kiowa/PV1446 0.0 
Minkar BASF Minkar 0.0 Minkar 0.0 
Nevada/PV1444 PV Nevada/PV1444 0.0 Nevada/PV1444 0.0 
NSL184378 Oregon, United States Pinal/PV1490 0.0 Pinal/PV1490 0.0 
NSL184379 California, United States PV1449 0.0 PV1449 0.0 
NSL184380 California, United States PV1452 0.0 PV1452 0.0 
NSL184398 California, United States PV1477 0.0 PV1477 0.0 
NSL22003 California, United States PV1488 0.0 PV1488 0.0 
NSL22149 California, United States PV1501 0.0 PV1501 0.0 
NSL6090 Pennsylvania, United States PV1512 0.0 PV1512 0.0 
NSL6092 New York, United States PV1513 0.0 PV1513 0.0 
NSL6094 Pennsylvania, United States PV1514 0.0 PV1514 0.0 
NSL6095 Missouri, United States PV1515 0.0 PV1515 0.0 
NSL6096 Missouri, United States PV1516 0.0 PV1516 0.0 
NSL6097 NA PV1517 0.0 PV1517 0.0 
NSL6693 Michigan, United States Regor 0.0 Regor 0.0 
NSL6698 NA Serpens 0.0 Serpens 0.0 
PI103063 Beijing Shi, China Sheep 0.0 Sheep 0.0 
PI163309 India SP980 0.0 SP980 0.0 
PI173127 Maras, Turkey Virgo 0.0 Virgo 0.0 
PI173128 Maras, Turkey Volans 0.0 Volans 0.0 
PI173129 Maras, Turkey Woodpecker 0.0 Woodpecker 0.0 
PI173130 Malatya, Turkey PI604787 14.6 PI604780 31.7 
PI173131 Malatya, Turkey PI604780 17.5 PI261789 41.3 
PI174386 Mardin, Turkey PI648963 31.3 PI648963 49.2 
PI174388 Elazığ, Turkey PI604785 45.3 PI604787 50.0 
PI175311 India PI222838 51.3 PI222838 50.4 
PI175312 India PI274059 52.7 PI648961 56.3 
PI175313 India PI491262 58.3 NSL22003 60.0 
PI175595 Turkey PI531452 61.5 PI274059 60.8 
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Table C4: Mean downy mildew severity response in 251 genotypes inoculated with Pfs race 5 in 
two trials (Cont.) 
Line Source Line Trial_Ix Line Trial_IIy 
PI175923 Balıkesir, Turkey PI648961 61.5 PI648962 70 
PI175924 Samsun, Turkey PI604782 61.7 PI491262 63.5 
PI175925 Çanakkale, Turkey PI499373 62.5 NSL6693 64.2 
PI175926 Kocaeli, Turkey PI261789 65.3 PI604785 65.8 
PI175927 Yozgat, Turkey PI648949 67.2 PI531450 66.7 
PI175928 Yozgat, Turkey PI648944 70 PI535897 67.1 
PI175929 Erzincan, Turkey PI531451 71.1 PI531452 67.5 
PI175931 Kırşehir, Turkey PI648962 71.4 PI648949 67.5 
PI175932 Kayseri, Turkey PI531450 75 PI648952 68.3 
PI176371 Italy PI535897 75 PI604782 71.4 
PI176372 Italy PI604784 77 PI499373 74.2 
PI176769 Erzincan, Turkey PI648952 77.7 PI445785 75.8 
PI176770 Erzincan, Turkey PI445782 78.1 NSL22149 78.3 
PI176772 Niğde, Turkey PI604778 79.2 PI531451 79.2 
PI176773 Konya, Turkey PI433211 81.3 PI379551 81.3 
PI176778 Bilecik, Turkey PI379551 83 PI419162 86 
PI177558 Turkey PI175923 84 NSL184378 87.5 
PI179507 Syria PI175932 84.7 NSL184379 87.5 
PI179508 Iraq PI179590 85 NSL184380 87.5 
PI179588 Belgium PI173131 86.1 NSL184398 87.5 
PI179590 Belgium NSL184378 87.5 NSL6090 87.5 
PI179591 Belgium NSL184379 87.5 NSL6092 87.5 
PI179592 Belgium NSL184380 87.5 NSL6094 87.5 
PI179593 Belgium NSL184398 87.5 NSL6095 87.5 
PI179594 Belgium NSL22003 87.5 NSL6096 87.5 
PI179595 Belgium NSL22149 87.5 NSL6097 87.5 
PI179596 Belgium NSL6090 87.5 NSL6698 87.5 
PI179597 Belgium NSL6092 87.5 PI103063 87.5 
PI181086 India NSL6094 87.5 PI163309 87.5 
PI181808 Syria NSL6095 87.5 PI173127 87.5 
PI181809 Syria NSL6096 87.5 PI173128 87.5 
PI181923 Syria NSL6097 87.5 PI173129 87.5 
PI181964 Syria NSL6693 87.5 PI173130 87.5 
PI183246 Egypt NSL6698 87.5 PI173131 87.5 
PI184137 NA PI103063 87.5 PI174386 87.5 
PI192945 China PI163309 87.5 PI174388 87.5 
PI193618 Ethiopia PI173127 87.5 PI175311 87.5 
PI204632 Sivas, Turkey PI173128 87.5 PI175312 87.5 
PI204733 Turkey PI173129 87.5 PI175313 87.5 
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Table C4: Mean downy mildew severity response in 251 genotypes inoculated with 
Pfs race 5 in two trials (Cont.) 
Line Source Line Trial_Ix Line Trial_IIy 
PI204734 Turkey PI173130 87.5 PI175595 87.5 
PI204735 Turkey PI174386 87.5 PI175923 87.5 
PI204736 Turkey PI174388 87.5 PI175924 87.5 
PI205232 Turkey PI175311 87.5 PI175925 87.5 
PI205233 Turkey PI175312 87.5 PI175926 87.5 
PI205234 Turkey PI175313 87.5 PI175927 87.5 
PI205235 Turkey PI175595 87.5 PI175928 87.5 
PI206007 Sweden PI175924 87.5 PI175929 87.5 
PI206474 Turkey PI175925 87.5 PI175931 87.5 
PI209644 Fārs, Iran PI175926 87.5 PI175932 87.5 
PI209645 Fārs, Iran PI175927 87.5 PI176371 87.5 
PI209647 Fārs, Iran PI175928 87.5 PI176372 87.5 
PI211632 Afghanistan PI175929 87.5 PI176769 87.5 
PI212119 Afghanistan PI175931 87.5 PI176770 87.5 
PI212328 Afghanistan PI176371 87.5 PI176772 87.5 
PI212921 India PI176372 87.5 PI176773 87.5 
PI217425 Korea, South PI176769 87.5 PI176778 87.5 
PI219949 Afghanistan PI176770 87.5 PI177558 87.5 
PI220546 Baghlān, Afghanistan PI176772 87.5 PI179507 87.5 
PI220686 Afghanistan PI176773 87.5 PI179508 87.5 
PI222270 Iran PI176778 87.5 PI179588 87.5 
PI222749 Iran PI177558 87.5 PI179590 87.5 
PI222750 Iran PI179507 87.5 PI179591 87.5 
PI222838 Iran PI179508 87.5 PI179592 87.5 
PI223536 Afghanistan PI179588 87.5 PI179593 87.5 
PI224959 Iran PI179591 87.5 PI179594 87.5 
PI226671 Iran PI179592 87.5 PI179595 87.5 
PI227230 Japan PI179593 87.5 PI179596 87.5 
PI227383 Iran PI179594 87.5 PI179597 87.5 
PI229731 Iran PI179595 87.5 PI181086 87.5 
PI229792 Iran PI179596 87.5 PI181808 87.5 
PI249920 Spain PI179597 87.5 PI181809 87.5 
PI251507 Iran PI181086 87.5 PI181923 87.5 
PI256079 Afghanistan PI181808 87.5 PI181964 87.5 
PI256080 Afghanistan PI181809 87.5 PI183246 87.5 
PI261787 France PI181923 87.5 PI184137 87.5 
PI261789 France PI181964 87.5 PI192945 87.5 
PI262161 Spain PI183246 87.5 PI193618 87.5 
PI262911 Spain PI184137 87.5 PI204632 87.5 
PI263873 Greece PI192945 87.5 PI204733 87.5 
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Table C4: Mean downy mildew severity response in 251 genotypes inoculated with 
Pfs race 5 in two trials (Cont.) 
Line Source Line Trial_Ix Line Trial_IIy 
PI266926 Germany PI193618 87.5 PI204734 87.5 
PI274042 NA PI204632 87.5 PI204735 87.5 
PI274044 NA PI204733 87.5 PI204736 87.5 
PI274046 NA PI204734 87.5 PI205232 87.5 
PI274047 NA PI204735 87.5 PI205233 87.5 
PI274048 NA PI204736 87.5 PI205234 87.5 
PI274049 NA PI205232 87.5 PI205235 87.5 
PI274050 NA PI205233 87.5 PI206007 87.5 
PI274051 England, United Kingdom PI205234 87.5 PI206474 87.5 
PI274052 NA PI205235 87.5 PI209644 87.5 
PI274053 NA PI206007 87.5 PI209645 87.5 
PI274056 NA PI206474 87.5 PI209647 87.5 
PI274057 NA PI209644 87.5 PI211632 87.5 
PI274058 NA PI209645 87.5 PI212119 87.5 
PI274059 NA PI209647 87.5 PI212328 87.5 
PI274061 NA PI211632 87.5 PI212921 87.5 
PI274063 NA PI212119 87.5 PI217425 87.5 
PI274065 NA PI212328 87.5 PI219949 87.5 
PI274311 Pakistan PI212921 87.5 PI220546 87.5 
PI286435 Nepal PI217425 87.5 PI220686 87.5 
PI296393 Iran PI219949 87.5 PI222270 87.5 
PI303138 Netherlands PI220546 87.5 PI222749 87.5 
PI319220 Egypt PI220686 87.5 PI222750 87.5 
PI321020 Taiwan PI222270 87.5 PI223536 87.5 
PI339545 Turkey PI222749 87.5 PI224959 87.5 
PI339547 Turkey PI222750 87.5 PI226671 87.5 
PI339548 Turkey PI223536 87.5 PI227230 87.5 
PI344085 Turkey PI224959 87.5 PI227383 87.5 
PI358249 North Macedonia PI226671 87.5 PI229731 87.5 
PI358250 North Macedonia PI227230 87.5 PI229792 87.5 
PI358252 NA PI227383 87.5 PI249920 87.5 
PI358253 North Macedonia PI229731 87.5 PI251507 87.5 
PI358254 North Macedonia PI229792 87.5 PI256079 87.5 
PI358255 North Macedonia PI249920 87.5 PI256080 87.5 
PI358257 North Macedonia PI251507 87.5 PI261787 87.5 
PI358258 North Macedonia PI256079 87.5 PI262161 87.5 
PI358259 North Macedonia PI256080 87.5 PI262911 87.5 
PI360710 France PI261787 87.5 PI263873 87.5 
PI360894 Netherlands PI262161 87.5 PI266926 87.5 
PI360895 Netherlands PI262911 87.5 PI274042 87.5 
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Table C4: Mean downy mildew severity response in 251 genotypes inoculated with Pfs race 5 in 
two trials (Cont.) 
Line Source Line Trial_Ix Line Trial_IIy 
PI361127 England, United Kingdom PI263873 87.5 PI274044 87.5 
PI368824 North Macedonia PI266926 87.5 PI274046 87.5 
PI368826 Montenegro PI274042 87.5 PI274047 87.5 
PI370602 North Macedonia PI274044 87.5 PI274048 87.5 
PI374233 Egypt PI274046 87.5 PI274049 87.5 
PI379546 Serbia PI274047 87.5 PI274050 87.5 
PI379547 North Macedonia PI274048 87.5 PI274051 87.5 
PI379549 North Macedonia PI274049 87.5 PI274052 87.5 
PI379551 North Macedonia PI274050 87.5 PI274053 87.5 
PI418978 Shaanxi Sheng, China PI274051 87.5 PI274056 87.5 
PI419162 China PI274052 87.5 PI274057 87.5 
PI433207 China PI274053 87.5 PI274058 87.5 
PI433209 China PI274056 87.5 PI274061 87.5 
PI433210 China PI274057 87.5 PI274063 87.5 
PI433211 France PI274058 87.5 PI274065 87.5 
PI433212 China PI274061 87.5 PI274311 87.5 
PI445782 Syria PI274063 87.5 PI286435 87.5 
PI445785 Syria PI274065 87.5 PI296393 87.5 
PI478393 China PI274311 87.5 PI303138 87.5 
PI491262 Greece PI286435 87.5 PI319220 87.5 
PI499373 Former, Soviet Union PI296393 87.5 PI321020 87.5 
PI508504 Korea, South PI303138 87.5 PI339545 87.5 
PI531449 Hungary PI319220 87.5 PI339547 87.5 
PI531450 Hungary PI321020 87.5 PI339548 87.5 
PI531451 Hungary PI339545 87.5 PI344085 87.5 
PI531452 Denmark PI339547 87.5 PI358249 87.5 
PI531453 Hungary PI339548 87.5 PI358250 87.5 
PI531454 Hungary PI344085 87.5 PI358252 87.5 
PI531457 Hungary PI358249 87.5 PI358253 87.5 
PI535897 Poland PI358250 87.5 PI358254 87.5 
PI604778 Hokkaidô, Japan PI358252 87.5 PI358255 87.5 
PI604779 Hokkaidô, Japan PI358253 87.5 PI358257 87.5 
PI604780 Hokkaidô, Japan PI358254 87.5 PI358258 87.5 
PI604782 Jowzjān, Afghanistan PI358255 87.5 PI358259 87.5 
PI604783 Afghanistan PI358257 87.5 PI360710 87.5 
PI604784 Afghanistan PI358258 87.5 PI360894 87.5 
PI604785 Mongolia PI358259 87.5 PI360895 87.5 
PI604787 Jowzjān, Afghanistan PI360710 87.5 PI361127 87.5 
PI604788 Afghanistan PI360894 87.5 PI368824 87.5 
PI604789 Afghanistan PI360895 87.5 PI368826 87.5 
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Table C4: Mean downy mildew severity response in 251 genotypes inoculated with Pfs race 5 in 
two trials (Cont.) 
Line Source Line Trial_Ix Line Trial_IIy 
PI604790 Afghanistan PI361127 87.5 PI370602 87.5 
PI604791 Afghanistan PI368824 87.5 PI374233 87.5 
PI647852 Georgia PI368826 87.5 PI379546 87.5 
PI647853 Georgia PI370602 87.5 PI379547 87.5 
PI647855 Georgia PI374233 87.5 PI379549 87.5 
PI647856 Georgia PI379546 87.5 PI418978 87.5 
PI647858 Georgia PI379547 87.5 PI433207 87.5 
PI648939 Muğla, Turkey PI379549 87.5 PI433209 87.5 
PI648941 Beijing Shi, China PI418978 87.5 PI433210 87.5 
PI648942 Beijing Shi, China PI419162 87.5 PI433211 87.5 
PI648943 Beijing Shi, China PI433207 87.5 PI433212 87.5 
PI648944 Beijing Shi, China PI433209 87.5 PI445782 87.5 
PI648947 Beijing Shi, China PI433210 87.5 PI478393 87.5 
PI648948 Beijing Shi, China PI433212 87.5 PI508504 87.5 
PI648949 Beijing Shi, China PI445785 87.5 PI531449 87.5 
PI648951 Maryland, United States PI478393 87.5 PI531453 87.5 
PI648952 Maryland, United States PI508504 87.5 PI531454 87.5 
PI648953 Maryland, United States PI531449 87.5 PI531457 87.5 
PI648954 Maryland, United States PI531453 87.5 PI604778 87.5 
PI648956 Maryland, United States PI531454 87.5 PI604779 87.5 
PI648958 Maryland, United States PI531457 87.5 PI604783 87.5 
PI648959 Maryland, United States PI604779 87.5 PI604784 87.5 
PI648961 Maryland, United States PI604783 87.5 PI604788 87.5 
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Table C4: Mean downy mildew severity response in 251 genotypes inoculated 
with Pfs race 5 in two trials (Cont.) 
Line Source Line Trial_Ix Line Trial_IIy 
PI648962 Maryland, United States PI604788 87.5 PI604789 87.5 
PI648963 Maryland, United States PI604789 87.5 PI604790 87.5 
PI648965 Maryland, United States PI604790 87.5 PI604791 87.5 
PI664497 China PI604791 87.5 PI647852 87.5 
PI664498 China PI647852 87.5 PI647853 87.5 
PI664499 China PI647853 87.5 PI647855 87.5 
PI677108 Jowzjān, Afghanistan PI647855 87.5 PI647856 87.5 
Pinal/PV1490 NA PI647856 87.5 PI647858 87.5 
PV1449 NA PI647858 87.5 PI648939 87.5 
PV1452 NA PI648939 87.5 PI648941 87.5 
PV1477 NA PI648941 87.5 PI648942 87.5 
PV1488 NA PI648942 87.5 PI648943 87.5 
PV1501 NA PI648943 87.5 PI648944 87.5 
PV1512 NA PI648947 87.5 PI648947 87.5 
PV1513 NA PI648948 87.5 PI648948 87.5 
PV1514 NA PI648951 87.5 PI648951 87.5 
PV1515 NA PI648953 87.5 PI648953 87.5 
PV1516 NA PI648954 87.5 PI648954 87.5 
PV1517 NA PI648956 87.5 PI648956 87.5 
Regor BASF PI648958 87.5 PI648958 87.5 
Serpens NA PI648959 87.5 PI648959 87.5 
Sheep NA PI648965 87.5 PI648965 87.5 
SP980 NA PI664497 87.5 PI664497 87.5 
Virgo BASF PI664498 87.5 PI664498 87.5 
Viroflay U of A PI664499 87.5 PI664499 87.5 
Volans BASF PI677108 87.5 PI677108 87.5 
Woodpecker NA Viroflay 87.5 Viroflay 87.5 
xMean severity of two replicates with 10 total plants; yMean severity of three replicates with 15 
total plants 
NA = not available. Downy mildew response scoring followed the standard rating procedure 
. 
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Table C5. List of selected significantly associated SNPs with resistance to Pfs race 5 
based on FarmCPU implemented in R 
SNPa Allele Chromosome Position P.value LOD 
chr1_21303772 T/G 1 21303772 1.7858E-09 8.7 
chr3_486179b G/A 3 486179 1.8454E-18 17.7 
chr3_1164040 A/T 3 1164040 6.9826E-11 10.2 
chr3_1374870 A/G 3 1374870 1.3246E-06 5.9 
chr3_1479175 G/A 3 1479175 4.0455E-13 12.4 
chr3_2019852 T/C 3 2019852 5.0587E-21 20.3 
chr3_9698013 A/T 3 9698013 1.5368E-13 12.8 
chr3_12383615 G/A 3 12383615 1.3498E-11 10.9 
chr3_23495910 G/T 3 23495910 5.8956E-11 10.2 
chr3_76310824 T/C 3 76310824 6.4564E-11 10.2 
chr3_112839001 G/A 3 112839001 2.4726E-06 5.6 
chr4_29934513 T/C 4 29934513 6.4061E-09 8.2 
chr4_89139920 T/C 4 89139920 1.9369E-07 6.7 
chr4_108551144 C/T 4 108551144 5.0249E-07 6.3 
chr5_42716106 C/T 5 42716106 7.2767E-17 16.1 
chr6_40547069 T/C 6 40547069 8.0664E-09 8.1 
aThreshold was set at >5.3 for significantly associated SNPs identification 
bSNP was also identified in TASSEL. 
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Table C6. List of selected significantly associated SNPs with resistance to race 5 
indentified via multiple models in TASSEL program 
SNPa Chromosome Position mlm_lod smr_lod glm_lod MAF(%) 
chr1_27548454 1 27548454 5.6 15.2 3.5 4.6 
chr3_484345 3 484345 5.5 58.5 15.5 4.8 
chr3_486179b 3 486179 6.0 58.5 14.8 4.8 
chr3_1046315 3 1046315 8.1 15.0 10.1 16.7 
chr3_1046356 3 1046356 5.6 12.5 7.6 19.6 
chr3_1403979 3 1403979 5.3 21.7 7.1 12.2 
chr3_2019835 3 2019835 6.8 18.5 6.4 4.1 
chr3_81765894 3 81765894 5.8 14.2 7.1 23.5 
chr3_102467640 3 102467640 5.5 26.9 4.2 13.5 
chr4_31523554 4 31523554 6.9 18.4 0.6 11.5 
chr4_54550692 4 54550692 7.0 16.6 0.2 8.0 
chr4_80396286 4 80396286 5.7 21.4 2.1 22.4 
chr4_81031460 4 81031460 5.9 19.2 5.1 15.4 
chr4_83598556 4 83598556 7.1 13.8 3.9 6.3 
chr4_87451898 4 87451898 6.8 10.8 6.2 10.9 
chr4_117241618 4 117241618 7.9 19.6 5.8 13.7 
chr6_6552349 6 6552349 6.2 7.1 3.5 22.6 
chr6_26086667 6 26086667 5.7 8.9 3.3 10.2 
aThreshold was set at >5.3 for significantly associated SNPs identification by MLM (Mixed 
Linear Model)d 








Figure C1. Downy mildew severity distribution among 251 association genotypes 








Figure C2.1. Q-Q plot of downy mildew resistance showing marker distribution in FarmCPU 
analysis 





Figure C2.2. Manhattan plot of downy mildew resistance with highly significant SNPs in 
FarmCPU analysis. The thick horizontal line represents the Bonferroni significance threshold (- 
log10(p) ≥ 6). The horizontal dash line represents the threshold for declaring a marker significant 
(- log10(p) ≥ 4). The arrow( ) indicate top resistance-associated SNPs. 
 
 
Figure C3.1. Q-Q plot of downy mildew resistance showing marker distribution in 








Figure C3.2 Manhattan plot of downy mildew resistance with highly significant SNPs 





Figure C5. 3D visualization of the three major principal components (selected for GWAS) 
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Spinach is an important leafy vegetable serving as important component in the human 
healthy diets particularly in the US. An obligate pathogen, Peronospora effusa (Pfs) is the 
causative organism inflicting downy mildew on the leaf of spinach which then affect spinach 
economic value as a leafy vegetable. Among other methods of management, the use of resistance 
to the downy mildew pathogen races is an important approach in the management of this 
devastating pathogen. 
As new races of the pathogen is continually reported, resistance characterization of the 
existing germplasm and cultivars is critical towards the development of sustenable resistance 
tools. To pursue specific hypotheses, we concentrated efforts on evaluating several spinach 
genotypes and contemporary commercial cultivars for resistance to two races (race 5 and race 
19) of the downy mildew pathogen. Findings from our studies supported the existing theory on 
the genetics of resistance to the downy mildew pathogen – in that resistance to a given race is 
conferred by a single gene or few closely-linked genes. Also, efforts directed at evaluating the 
USDA spinach germplasm collection for resistance to race 5 and conducting an (phenotype- 
genotype) association analysis, revealed a number of SNPs identified to be associated with 
resistance to race 5 of the downy mildew pathogen. The results generated from this entire study 
will be essential in improving resistance to the downy mildew pathogen races in spinach 




















  locus  
Pfs 3 Pfs 5 Pfs 12 Pfs 14 Pfs 15 Pfs 16 
NIL1 RPF1 - - + + - - 
NIL2 RPF2 - - + + - + 
NIL3 RPF3 - - - - + - 
NIL4 RPF4 - + + + - + 
NIL5 RPF5 + + + + + + 
NIL6 RPF6 - - + + - - 
+ = A plant showing chlorosis and sporulation on cotyledons, true leaves, or both 
were classified as susceptible. A spinach line was classified as susceptible if more 
than 85% of the plants were susceptible. Typically > 95% of the plants in a 
susceptible line show symptoms unless the line is segregating for resistance. - = 









Figure 2. Disease reactions of commercial and NIL spinach differentials for determining the race 
identification of isolates of the spinach downy mildew pathogen, Peronospora farinosa f. sp. 
spinaciae. (Copied with permission from Correll’s Lab) 
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Figure 3. Spinach true leaves showing susceptibility reaction to a Pfs race (Correll et al. 2011) 
 
 
Figure 4. Standard greenhouse inoculation method adopted for screening resistance to 













Figure 6. Quantitative disease rating scale 
0 1 2 3 4 
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Figure 7. Putative downy mildew resistance loci/genes, RPF1, RPF2 and RPF3 localized to a 
1.5MB region on chromosome 3. (Feng et al. 2018). The three RPF loci as marked by the oval 





Figure 8. Linkage maps with tightly-linked makers for the spinach downy mildew resistance loci 
(A) RPF1 (B) RPF2 and (C) RPF3 (Feng et al., 2018). The oval shape tag indicate the order 
and position of the selected markers on linkage maps as drawn for the three RPF loci (RPF1, 
RPF2 and RPF3). The presence of the RPF3-2 marker on all the linkage maps revealed the close 
linkage of the three RPF loci. RPF1-3 and RPF3-7 are only linked to RPF1 and RPF3 
repectively. 
